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ABSTRACT
Voluminous and widespread bimodal volcanism has significantly impacted the
Pacific Northwest, USA, throughout the Miocene to present day. The two primary
volcanic provinces of eastern Oregon include the Columbia River Basalt Group (CRBG)
province and the High Lava Plains (HLP) trend. The magmatic and tectonic processes
responsible for generating bimodal volcanism, and particularly rhyolites of the ~17–15
Ma CRBG and 12–0 Ma HLP provinces has recently been a popular topic of debate.
Rhyolite volcanism of the HLP province has been ascribed to either buoyancy-driven
westward plume spreading or to slab rollback and mantle convection spanning from
southeast Oregon to Newberry volcano in the west. Numerous studies have focused on
the mafic endmember of these bimodal provinces (e.g., Hooper et al., 2002; Camp et al.,
2003; Cahoon et al., 2020), but until recently, few workers had investigated the rhyolite
endmember. Rhyolites of bimodal systems can possess unique geochemical and
petrologic signatures and can contain components of their associated mafic endmembers,
thus providing workers with critical evidence necessary to understand pre-eruptive
magma configurations, magma chamber evolution, and rhyolite petrogenesis.
Previous workers interpreted the co-CRBG and HLP rhyolite provinces as a
product of separate and distinct magmatic and tectonic processes primarily due to the
perceived ~15–12 Ma eruptive hiatus, but the relationship between the two provinces
remained unclear with many of the rhyolites undated in the region where the two
provinces overlap (117–119°W, 43–44°N). By dating nearly all undated or imprecisely
dated regional rhyolites, I have refined the timeline of co-CRBG rhyolites and HLP
volcanism, and I have uncovered two distinct rhyolite eruptive episodes within the HLP. I
i

use these new data to develop a new model for post-17.5 Ma rhyolite volcanism that
involves decreasing influence of the CRBG-related mantle plume upwelling and
increasing influence of regional tectonic regimes.
Rigorous geochemical investigation of unanalyzed rhyolites among the co-CRBG
and HLP rhyolite provinces is critical in confirming my proposed model. Geochemical
analysis of these rhyolites displays the extraordinary trace elemental variations among
rhyolites of all ages, geographic locations, and degrees of differentiation. Rhyolite
chemical affinity is intimately related to proximal, coeval mafic volcanism. The
distribution of A- and I-type rhyolites aligns with our proposed model for rhyolite
petrogenesis that involves decreasing influence of the CRBG mantle plume westward
over time. Compositional heterogeneity among adjacent rhyolites is enhanced by
localized variations in (1) the composition of the potential partial melt source (regional
crust) and (2) petrogenetic processes like fractional crystallization and/or assimilation
within an individual eruptive center.
Using the 7.1 Ma Rattlesnake Tuff (RST) as a case study, I investigate one of
these heterogeneous, voluminous rhyolites to understand the complex pre-eruptive
magma configurations associated with the HLP. I combined previous (Streck and
Grunder, 1997) and new geochemical analysis of the strikingly banded high-silica
rhyolite (HSR) pumices to confirm compositional Groups and gaps. Calculated density,
viscosity, and storage temperature data highlight the importance of water content in
generating a meromictic system of layered HSR magmas that are allowed to erupt
simultaneously without mixing.
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This work is driven by three main hypothesis: (1) Co-CRBG rhyolite volcanism is
driven by the mantle upwelling associated with the CRBG flood basalts, initial HLP
volcanism is a combined effect of enhanced regional tectonics in an area previously
affected by CRBG volcanism, and HLP volcanism becomes progressively more tectonics
and upper-mantle driven as it propagates westward, (2) Compositional variation among
rhyolites of the co-CRBG and HLP provinces is primarily dictated by the composition
and source of coeval mafic volcanism, with localized and intra-center petrogenetic
processes responsible for extraordinary trace element variations among rhyolites of all
ages and locations, and (3) Water contents, and thus, density variations allowed the five
compositionally distinct HSR magmas of the RST to reside in a single, meromictic
magma chamber prior to simultaneous evacuation. The broader significance of this
research refines our understanding of bimodal volcanism, particularly within provinces
also influenced by a proximal subduction zone. This work also underscores the complex
petrogenetic and tectonic processes involved in generating both heterogeneous and
homogeneous rhyolite magmas within the same region.
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INTRODUCTION

OVERVIEW
Globally, the vast majority of voluminous outpouring of continental flood basalts
is accompanied by coeval silicic volcanism. Many studies have focused on the basalts of
these bimodal provinces. Recently, greater focus has been placed on understanding the
silicic member of bimodal provinces, because it has become increasingly apparent that
these silicic volcanic deposits provide insight into the storage duration and location of the
associated basaltic magma and into the complexities of the magmatic and tectonic
systems involved.
The Columbia River Basalt Group (CRBG) of the Pacific Northwest USA, the
world’s youngest flood-basalt province, is one of these bimodal systems. Voluminous
outpourings of mostly mid-Miocene basalts of the CRBG and late-Miocene basalts of the
High Lava Plains (HLP) volcanic provinces in eastern Oregon were accompanied by
silicic volcanism manifested as coeval caldera complexes and dome fields. The less
studied ~16.5–0 Ma rhyolite ash-flow tuffs, lava flows, and domes of these expansive,
bimodal systems are of complex origin. Are rhyolites of the 12–0 Ma HLP trend, like coCRBG rhyolites, associated with a massive mantle upwelling, or are they primarily a
product of tectonic and upper mantle processes? What is the role of coeval tectonics in
the story of regional post-18 Ma rhyolite volcanism? Does the composition of the mafic
endmember influence compositional variations in coeval rhyolites of bimodal provinces?
How do rhyolites with such extraordinary trace element compositional variations erupt
1

within the same province? What must these pre-eruptive magma storage systems entail to
generate such compositional heterogeneity? Investigating these and other questions is
critical in understanding the complexities of rhyolite volcanism in bimodal systems.
RESEARCH OBJECTIVES
Without thorough investigation into the rhyolite component, it is impossible to
generate an accurate model for volcanism in bimodal provinces. Whether arguing for a
deep-sourced or relatively shallow mantle plume, researchers agree that co-CRBG
rhyolites are related to the massive upwelling of mantle material that generated the
CRBG flood basalts. Conversely, HLP rhyolite petrogenesis remains a topic of debate.
The co-CRBG and HLP rhyolite provinces were interpreted as a product of separate and
distinct magmatic and tectonic processes, but models built off this interpretation are
based on an incomplete geochronological dataset (e.g., Jordan et al., 2004; Ford et al.,
2013; Camp et al., 2019). Numerous silicic centers between the primary area of spatial
overlap remained undated, and few had been geochemically analyzed. Completing the
comprehensive geochronological and geochemical dataset of all regional rhyolite
eruptive centers is critical in understanding the relationship of the co-CRBG and HLP
rhyolite provinces and developing a model for rhyolite petrogenesis. Previous detailed
investigations into large silicic eruptions within these provinces has provided a wealth of
information regarding interactions between the basaltic and rhyolitic members of these
systems and into the complex magma storage configurations (e.g., Streck et al., 2015,
Sales, 2018, Webb et al., 2018; Cruz and Streck, 2022). The 7.1 Ma Rattlesnake Tuff
(Streck and Grunder, 1995) in southeast Oregon is an ideal case study, because the high2

contrast HSR rhyolite pumices provide insight into the pre-eruptive magma storage
configurations that can generate voluminous, heterogeneous rhyolite deposits.
This study combines extensive fieldwork for sample collection, detailed whole
rock and mineral geochemistry, high-precision geochronology, stable isotope analysis,
and statistical means of compositional categorization. I synthesize geochronological
trends and trends in geochemical compositions among numerous regional rhyolite
eruptive centers to develop a model for rhyolite volcanism of eastern Oregon. I conduct
detailed analyses on the RST HSR to provide additional insight into petrogenesis of
rhyolites of bimodal provinces. Proposal objectives were motivated by the following
questions:
i.

Is there, in fact, a hiatus between co-CRBG and HLP rhyolite volcanism?

ii.

How far east into the co-CRBG rhyolite province does the HLP rhyolite
trend extend beyond the HLP proper?

iii.

Can compositional data distinguish HLP rhyolites from co-CRBG
rhyolites and provide insight into rhyolite petrogenesis?

iv.

Can evolved, heterogeneous ignimbrites of the HLP, like the Rattlesnake
Tuff, provide further insight into HLP rhyolite petrogenesis?

DISSERTATION SCOPE
This dissertation is organized into three chapters that probe into the timing and
geochemical signatures of rhyolites to understand outstanding questions about co-CRBG
and HLP rhyolite petrogenesis. I implement a multifaceted approach of primarily field
work and laboratory work including X-ray Fluorescence (XRF) and Inductively Coupled
3

Plasma–Mass Spectrometry (ICP-MS) analyses for bulk rock major, minor, and trace
elemental compositions, scanning electron microscope (SEM) point analysis for crystal
and groundmass major and minor compositions, oxygen isotope analysis, and 40Ar/39Ar
geochronology. Additional detailed analyses include statistical modeling of
compositional data, storage temperature modeling, batch melt and crystal fractionation
modeling, and determining wet liquidus temperatures via Rhyolite-MELTS software.
Objectives of each chapter are outlined below.
Chapter 1 Objective – Fill critical gaps in the comprehensive post-18 Ma spacetime record of regional rhyolite volcanism to construct a refined model of co-CRBG and
HLP volcanism. Focus was placed on sampling undated rhyolites within the region where
the co-CRBG and HLP rhyolite provinces overlap, which happened to be an area of
abundant undated rhyolites. Samples with the most abundant, fresh phenocrysts were
targets for geochronological analysis. This objective aims to remove uncertainties
regarding the timing of rhyolite volcanism when constructing a model for rhyolite
petrogenesis of the two provinces.
Chapter 2 Objective – Complete the comprehensive post-18 Ma geochemical
dataset for rhyolites emplaced where the co-CRBG and HLP provinces overlap to assess
models of rhyolite volcanism. Focus was placed on sampling at least two portions of each
unstudied rhyolite eruptive center in the region. Additional samples were collected if
differences in mineral assemblage were noted in hand sample. Typically, two to three but
at least one sample was geochemically analyzed from each eruptive center to generate a
geochemical signature that could be compared to other centers. This objective aims to
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identify regional and local trends among co-CRBG and HLP rhyolites that can then be
used to assess models for rhyolite petrogenesis.
Chapter 3 Objective – Conduct detailed analysis of strikingly banded HSR
pumices of the RST to assess models for HSR rhyolite petrogenesis. Geochemical data
from this study is combined with previous data from (Streck and Grunder, 1997), and
some samples were reanalyzed to confirm and refine the geochemical signatures. Oxygen
isotope analysis, statistical modeling, and modeling of storage temperatures, wet-liquidus
temperatures, densities, and viscosities are also used to generate a plausible model for
HSR rhyolite petrogenesis. This objective aims to quell uncertainties regarding the preeruptive magma storage configuration of RST HSR magmas and to provide insight into
petrogenesis of voluminous, heterogeneous, high-silica ignimbrites.
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CHAPTER 1
FILLING CRITICAL GAPS IN THE SPACE-TIME RECORD OF HIGH LAVA
PLAINS AND CO-COLUMBIA RIVER BASALT GROUP RHYOLITE
VOLCANISM

ABSTRACT
Miocene rhyolitic volcanism of eastern Oregon can be divided into two main
episodes. Yellowstone-plume upwelling is thought to have generated Columbia River
Basalt Group lavas and coeval >16.5–15 Ma silicic volcanism trending north-south from
northeast Oregon to northern Nevada. Rhyolite volcanism of the 12–0 Ma High Lava
Plains province has been ascribed to either buoyancy-driven westward plume spreading
or slab rollback and mantle convection spanning from southeast Oregon to Newberry
volcano in the west. The apparent ~15–12 Ma eruptive hiatus suggests rhyolites of these
provinces were a product of separate processes, yet this gap was based on incomplete
data. The lack of data on ~33 of the total ~50 rhyolite eruptive centers in the area where
the two provinces overlap (117–119°W, 43–44°N) yields only tenuous relationships
between these two provinces.
We acquired 40Ar/39Ar ages for 29 previously unanalyzed rhyolite centers. We
confirm the existence of a rhyolite eruptive episode concurrent with Columbia River
Basalt Group flood basalt volcanism. Rhyolite eruptions gradually initiated ~17.5 Ma,
and our new ages indicate peak intensity of the first eruptive episode occurred between
16.3–14.4 Ma. We refine the ~15–12 Ma rhyolite eruptive hiatus to 14.4–12.1 Ma, where
strong recommencement of rhyolite eruptions began with Beatys Butte at 12.05 Ma. We
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find two prominent fluxes in rhyolite eruptive activity after 12.1 Ma as opposed to one
continuous age-progressive trend: 12.1–9.6 Ma and 7.7–5.1 Ma, separated by an ~2 m.y.
period of decreased rhyolite volcanism. Rhyolite eruptions were scarce after 5.1 Ma,
most of which are associated with Newberry Volcano. Periodicity of rhyolite volcanism
along the High Lava Plains demands more punctuated basalt inputs rather than what
continuous partial melting from west-spreading plume material should generate.
Our new data suggest regional rhyolite eruptions are a series of episodic events
related to arrival and storage of mafic mantle magmas. Paucity in rhyolite eruptions 14.4–
12.1 Ma is related to decreased flux of deep-sourced mantle plume material at ~15 Ma.
Strong recommencement of rhyolite volcanism ~12.1 Ma is related to continued
Northwest Basin and Range extension and a peak rotation rate of Siletzia affecting
regional lithosphere weakened by Columbia River Basalt Group volcanism. Waning
rhyolite eruptive activity from 9.6–7.7 Ma reflects a regional transition in the primary
mode of accommodation of extension from Northwest Basin and Range normal faulting
to extension and shearing of the Brothers Fault Zone. Rhyolite volcanism between 7.7–
5.1 Ma is driven by continued regional extension in an area less affected by CRBG
magmatism. Post–5.1 Ma rhyolite eruptions occurred within crust not influenced by
CRBG magmatism but impacted by both regional extension and the subduction zone.
INTRODUCTION
Globally, the vast majority of voluminous outpouring of continental flood basalts
is accompanied by coeval silicic volcanism (e.g., Chiesa et al., 1989; Bryan et al., 2002;
Tian et al., 2010). Numerous workers have studied the basalts of these bimodal
provinces, but significantly less work has focused on the silicic volcanism. Recently,
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greater focus has been placed on understanding the silicic member of bimodal provinces,
because it has become increasingly apparent that these silicic volcanic deposits provide
insight into the storage duration and location of the associated basaltic magma and into
the complexities of the magmatic and tectonic systems involved (e.g., Streck et al., 2015,
2017; Webb et al., 2018; Arakawa et al., 2019).
The Columbia River Basalt Group (CRBG) of the Pacific Northwest USA, the
world’s youngest flood-basalt province, is one of these bimodal systems (Fig. 1.1).
Voluminous outpourings of mostly mid-Miocene basalts of the CRBG and late-Miocene
basalts of the High Lava Plains (HLP) volcanic provinces in eastern Oregon were
accompanied by silicic volcanism manifested as coeval caldera complexes and dome
fields. The less studied ~16.5–0 Ma rhyolite ash-flow tuffs, lava flows, and domes of
these expansive, bimodal systems are of complex origin. Older ~16.5–15 Ma rhyolites
are coeval with the CRBG basalt eruptions that are widely accepted as being associated
with the Yellowstone mantle plume (e.g., Camp et al., 2003; Streck et al., 2015). Younger
12–0 Ma rhyolites are generally associated with the northwest-younging HLP trend,
where the oldest rhyolite eruptive centers are located in southeast Oregon, culminating in
the youngest rhyolites around Newberry Volcano near the Cascades volcanic arc.
The co-CRBG and HLP rhyolite provinces were interpreted as separate and
distinct due to (1) lack of regional silicic centers between the youngest co-CRBG (~15
Ma) and the oldest associated with the HLP (~12 Ma), and (2) the perception that almost
no co-CRBG rhyolites have been emplaced farther west than ~118°W. However, sparse,
recently acquired age data indicate rhyolites as far west as 120°W possess ages >15 Ma
(e.g., Webb et al., 2018) (Fig. 1.1). These newer data imply that the two provinces
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overlap spatially. Numerous silicic centers between the primary area of spatial overlap
remained undated, and few had been geochemically analyzed (Fig. 1.2).
Current studies pose varying models of the magmatic and tectonic processes
responsible for generating HLP rhyolites. The motivation for these studies lies in
addressing the peculiarity of the northwest-younging HLP rhyolite volcanic trend that
mirrors the adjacent northeast-younging Yellowstone-Snake River Plain (YSRP) trend
(Fig. 1.1). The Yellowstone trend is interpreted as an expression of the Yellowstone
plume tail that is currently active at Yellowstone caldera (e.g., Pierce and Morgan, 1992).
Recent studies suggest HLP rhyolites correlate either to (1) the Yellowstone mantle
plume similarly to co-CRBG rhyolites (Jordan et al., 2004; Camp and Ross, 2004; Camp
et al., 2019; Camp and Wells, 2021), or to (2) convection of the mantle related to the
subducting Cascadia slab beneath the North American plate (Long et al., 2009, 2012;
Chen et al., 2013; Ford et al., 2013; Till et al., 2013), some also incorporating
fragmentation or tearing of the slab (Zhou et al., 2018; Hawley et al., 2019). Our study
compiles new and earlier geochronological and geochemical data to fill gaps in the spacetime distribution of regional rhyolites. We use these data to evaluate previous models and
construct a new model for HLP rhyolite volcanism and analyze its relationship to coCRBG rhyolite volcanism.
This study highlights the complex magmatic and tectonic phenomena involved in
continental flood basalts and bimodal volcanic systems. This work also underscores the
dependence of basalt input associated with mantle upwelling on rhyolite volcanism,
where upwelling mantle may include a deep-sourced Yellowstone mantle plume during
the early phase of rhyolite volcanism. Our interpretations highlight the relationship
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between faulting and magma storage that can be applied to other global bimodal systems,
particularly those influenced by multiple tectonic regimes.
EARLIER RHYOLITE GEOCHRONOLOGY
About 50 rhyolite eruptive centers lie exposed in the area where co-CRBG and
HLP rhyolite provinces overlap (117–119°W, 43–44°N) (Fig. 1.2). Here, a distinct silicic
center is defined by a mapped area of silicic volcanic rock that (1) is confirmed as a
silicic eruptive center through previous work or mapped topographic relief indicates an
eruptive center, (2) possesses a geochemical signature distinct from other nearby centers,
(3) is of an age beyond error of adjacent centers, and/or (4) has yet to be geochemically
or geochronologically analyzed to correlate to other nearby centers. Of the ~50 centers,
~17 have been dated and ~33 are undated.
Previously determined ages of silicic centers throughout eastern Oregon almost
fall exclusively within ~16.5–15.0 Ma and ~12.0–0 Ma (Appx. 1.A.1). Rhyolites of Bald
Butte (17.5 Ma; Jordan et al., 2004), Drum Hill (17.3 Ma; Jordan et al., 2004), Unity
(17.0–16.5 Ma; Streck et al., 2017) and the Strawberry Volcanics (~16.2–14.7 Ma;
Steiner and Streck, 2019) were the only known exceptions outside of those two primary
age ranges. This lack of ages between ~15 Ma and 12 Ma implies the potential existence
of an ~3 m.y. regional rhyolite eruptive hiatus, but this remains uncertain without precise
ages for all silicic centers.
Although Benson and Mahood (2016) suggest a northward-younging progression
in co-CRBG silicic volcanism, there is little evidence for a space-time trend (Streck et al.,
2017). In contrast, silicic volcanism of the HLP province displays a definitive northwest12

younging age progression (e.g., Walker, 1974; MacLeod et al., 1976; McKee and
Walker, 1976; Jordan et al., 2004; Ford et al., 2013) paralleling the northwest-trending
Brothers Fault Zone (Jordan et al., 2002; 2004). Before our study, the oldest dated
rhyolite centers associated with the HLP included Visher Creek (11.0 Ma; K-Ar age from
Walker, 1979) and Duck Butte (10.5 Ma; Johnson and Grunder, 2000). The younging
trend culminates at Newberry Volcano with rhyolites as young as the 1.3 ka Big Obsidian
Flow (radiocarbon age from Robinson and Trimble, 1983).
REGIONAL BIMODAL VOLCANISM
Columbia River Basalt Group and Yellowstone-Snake River Plain Provinces
Numerous studies posit that the ~17.2–15.6 Ma flood basalts and basaltic
andesites of the CRBG are a result of a rising deep-sourced mantle plume impinging on
the base of the North American lithosphere (e.g., Morgan, 1981; Griffiths and Campbell,
1991; Weinberg, 1997; Camp and Ross, 2004; Coble and Mahood, 2012). Other recent
studies associate the plume’s origin with the Siletzia province, where initial plumelithosphere interactions began much earlier at ~42–34 Ma and continued to present day as
the North American plate migrates over the plume tail (e.g., Wells et al., 2014; Camp and
Wells, 2021). In either case, hotter mantle ponded at the base of the lithosphere roughly
along the west side of the craton boundary (Fig. 1.1), where basaltic magma then
propagated to the surface via dikes and erupted as the initial CRBG basalts (e.g., Hooper
et al., 2002). Conversely, some studies have argued that CRBG flood basalt geochemical
signatures more closely resemble melting of subcontinental lithosphere via Basin and
Range extension than they resemble a deep-sourced mantle plume (e.g., Leeman and
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Streck, 2021). Such studies have related the Yellowstone system to processes such as
upper mantle convection and regional tectonics (e.g., Christiansen et al., 2002).
Either fractional crystallization and crystal settling or partial melting of
continental crust resulted in the coeval ~16.5–15 Ma silicic volcanism (e.g., Camp et al.,
2003). Rhyolite eruptive centers associated with this period include those of the Three
Fingers–Mahogany Mountain, McDermitt, Santa Rosa–Calico, and High Rock caldera
complexes (e.g., Brueseke and Hart, 2008; Shervais and Hanan, 2008; Coble and
Mahood, 2012; 2016), as well as the Dinner Creek, Littlefield, Dooley Mountain, Wildcat
Creek, Buchanan, Strawberry rhyolites and a number of other smaller rhyolite centers
farther north (e.g., Steiner and Streck, 2013; Streck et al., 2015; 2017; Webb et al., 2018)
(Fig. 1.2). Previous work on co-CRBG rhyolites in the study area (Fig. 1.2) indicates
rhyolites range from ~70–78 wt.% SiO2, ~0.7–6.0 wt.% FeO*, and ~11–15 wt.% Al2O3
(Fig. 1.3).
Initiation of the well-defined northeast-age-progressive trend of YSRP silicic
volcanism is interpreted as a result of the transition from volcanism as a result of widespread plume material to volcanism from heating by the narrower plume tail as it was
overridden by the North American craton (e.g., Draper, 1991; Pierce and Morgan, 1992;
Smith and Braille, 1994; Christiansen et al., 2002; Perkins and Nash, 2002; Camp and
Ross, 2004, Camp and Wells, 2021). The first rhyolite volcanism associated with the
YSRP age-progressive trend are caldera eruptions of the Owyhee Plateau–Bruneau
Jarbidge–Twin Falls Volcanic Field which began ~14 Ma (Pierce and Morgan, 1992;
Shervais and Hanan, 2008).
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15-12 Ma: A Shift in Regional Mafic Magmatism Related to Mantle Dynamics
In the deep-sourced plume model of CRBG volcanism, the rate of ponding and
radial spreading of plume material at the craton boundary (Fig. 1.1) waned at ~15 Ma
when the plume was overridden by the west-migrating craton (Draper, 1991; Pierce and
Morgan, 1992; Parsons et al., 1994; Camp et al., 2003; Camp and Ross, 2004). Post-15
Ma, the plume head migrated westward at ~53 km/Ma (Ford et al., 2013), postulated to
be aided by Cascadia slab subduction-induced counterflow (Draper, 1991; Pierce et al.,
2000; Camp and Ross, 2004; Ford et al., 2013; Wells and McCaffrey, 2013; Camp,
2019).
After late eruptions of tholeiitic CRBG flood basalts such as the 16.0–16.1 Ma
Hunter Creek basalt (Webb et al., 2018), the composition of mafic eruptions in eastern
Oregon experienced a notable compositional transition. From ~15.0–10.1 Ma,
voluminous eruptions of high-alumina olivine tholeiites (HAOTs) and calc-alkaline to
mildly alkaline mafic to intermediate lavas were emplaced throughout eastern Oregon,
including the ~15.0–13.1 Ma Owyhee Basalt, the ~13.9–13.1 Ma Tims Peak Basalt, and
the ~13.5–10.1 Ma Keeney Sequence (Table 1.1). Lavas of the Tims Peak Basalt are
considered the oldest known HAOTs (Ferns et al., 1993a; Hooper et al., 2002; Camp et
al., 2003), but the oldest HAOTs recognized in the area where co-CRBG and HLP
rhyolites spatially overlap are 11.0–8.0 Ma (Camp and Ross, 2004).
HAOTs with depleted mantle, MORB-like source signatures reflect
decompression melting of upper lithospheric mantle (e.g., Carlson and Hart, 1988;
Hooper and Hawkesworth, 1993; Conrey et al., 1997) as is also suggested by
experimental studies indicating equilibrium at shallow mantle pressures (Bartels et al.,
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1991; Till et al., 2013). Thus the westward-younging episodes of HAOT volcanism from
easternmost Oregon towards the Cascade volcanic arc and Newberry volcano (Hart et al.,
1984; Christiansen et al., 2002) are interpreted as reflecting the westward spread of hot
plume material (Camp and Ross, 2004; Jordan et al., 2004). The progressive westward
decline in radiogenic mantle signatures of HAOTs has been attributed to a progressive
decrease in the influence of Yellowstone mantle, lithospheric mantle, or both (e.g.,
Carlson and Hart, 1987; Camp and Ross, 2004).
These broad variations in mafic magma compositions correspond with coeval
tectonic activity. Workers have provided evidence for regional uplift as a crustal response
to ponding plume material (Lowrey et al., 2000; Glen and Ponce, 2002; Camp, 2019),
where extension provided crustal weaknesses that allowed CRBG flood basalt magmas to
reach the surface via dikes (e.g., Camp, 1995, Pierce et al., 2000; Camp and Ross, 2004).
This regional uplifting peaked at ~15 Ma (Pierce et al., 2000), coinciding with the
migration of the North American plate over the plume tail. Significant localized
extension in eastern Oregon initiated with the formation of the Oregon-Idaho graben ~16
Ma (Webb et al., 2018). Intragraben normal faulting at ~14.3–12.6 Ma accompanied calcalkalic basalt and basaltic andesite volcanism (Cummings et al., 2000). It is postulated
that large regional fault systems like the Brothers Fault Zone may have allowed the
younger HAOT magmas to reach the surface via dikes (Christiansen et al., 2002; Camp
and Ross, 2004; Jordan et al., 2004).
Post-12 Ma: High Lava Plains Province
The bimodal HLP province is characterized broadly by an abundance of HAOTs
and basaltic andesitic flows, crystal-poor rhyolites, and sparse intermediates (e.g., Jordan
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et al., 2004; Streck and Grunder, 2008; Ford et al., 2013). HLP mafic volcanism <8 Ma
is a product of prolonged differentiation of primitive HAOTs and crustal contamination
(Streck and Grunder, 2012). Most HLP rhyolites are described as high-silica and aphyric
to sparsely phyric, with less common lower silica rhyolites (Linneman and Myers, 1990;
MacLean 1994; Streck and Grunder, 1997; Johnson and Grunder, 2000; Streck and
Grunder, 2008). Previous work on HLP rhyolites in the study area (Fig. 1.2) indicates
rhyolites range from ~69.5–79.5 wt.% SiO2, ~0.8–3.3 wt.% FeO*, and ~11–15 wt.%
Al2O3 (Fig. 1.3). Trace element variations among HLP high-silica rhyolites are
extraordinary (c.f., Streck and Grunder, 2008; Hess, 2014; Webb et al., 2018).
The magmatic and tectonic processes responsible for generating HLP rhyolites
remain unclear. Involvement of the Yellowstone mantle plume in rhyolite volcanism of
the HLP has been proven difficult to explain because the age-progression mirrors that of
the YSRP trend. Here we present the most recently proposed models.
Several models incorporate the Yellowstone mantle plume in their explanation of
the northwest-younging trend in HLP silicic volcanism. Jordan et al. (2004) proposed that
post-17 Ma, the mantle plume head was flowing along basal lithospheric topography,
where the plume buoyantly rose from the base of thicker cratonic lithosphere to the base
of thinner accreted lithosphere. They explained that a combination of basal lithospheric
flow, small-scale convection from mantle and relatively hotter plume interaction, and
subduction-induced counterflow, caused the northwest migration of the resulting rhyolite
volcanism in the HLP. Camp (2019) compiled seismic, geochemical, isotopic,
geochronological, and geophysical data (e.g., Sleep, 1997; Pierce and Morgan, 2009;
Lowry et al., 2000; Long et al., 2009; Wolff and Ramos, 2013) to conclude that the HLP
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trend is a result of channelized lateral flow of plume-modified mantle interacting with the
lithosphere, where the mantle is buoyantly spreading ‘uphill’ and around thicker
continental lithosphere anomalies. Camp and Wells (2021) built upon the models
proposed by Jordan et al. (2004) and Camp (2019), but instead of initial westward
buoyancy-driven plume spreading occurring when the plume tail was beneath the craton
boundary, it instead occurred when the tail was already well established beneath the
YSRP track.
Alternative models attribute the HLP silicic volcanic trend to mechanisms related
to the Cascadia slab and do not involve the plume. Ford et al. (2013) proposed a model
where Cascadia slab rollback, trench migration due to westward advancement of the
North American plate, and continuous steepening of the slab caused strong toroidal flow
of the mantle focused under the HLP. These processes, along with asymmetrical slab
rollback, resulted in greater amounts of extension in southern Oregon than in centralnorthern Oregon, basaltic magma propagation via dikes, and subsequent crustal melting
that produced the HLP trend (Ford et al., 2013). They dated rhyolites in northern Nevada
and far southeast Oregon, extending the age progression of the HLP trend to include
rhyolites in the northernmost Basin and Range Province. Wells and McCaffrey (2013)
described mantle counter-flow at the rate of slab subduction as the mechanism driving
HLP age-progressive volcanism. Hawley et al. (2019) compiled petrologic, geologic,
marine geophysical, and seismic data from numerous studies (e.g., Long et al., 2009;
Schmandt and Humphreys, 2010; Toomey et al., 2014; Zhou et al., 2018) to propose that
the HLP trend results from a westward, up-dip propagating tear in the late Juan de Fuca
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slab that acts as a hole through which the mantle could flow and interact with the
overriding crust.
METHODS
Fresh or minimally altered samples were collected from silicic units within the
study region that were known to be undated or imprecisely dated. Samples with the
greatest abundance of fresh feldspar phenocrysts were the primary targets for 40Ar/39Ar
dating. Thin sections were prepared by Spectrum Petrographics in Vancouver, Wash.
Thin sections from one or two samples of each eruptive center were petrographically
analyzed to determine which had suitable feldspars and identify the best candidates for
40

Ar/39Ar analysis. Groundmass was analyzed if feldspar phenocrysts were too altered or

too sparse for analysis. Single crystal total fusion was the preferred method for dating
feldspar phenocrysts, and incremental heating was preferred for groundmass. Detailed
sample preparation procedures for 40Ar/39Ar analysis are in Appx. 1.D. The institute
where each sample was analyzed is noted in Table 1.2.
RESULTS
We acquired 29 40Ar/39Ar ages from feldspar and groundmass separates (Table
1.2, Appx. 1.C) and three new 40Ar/39Ar ages from biotite separates for previously
unanalyzed rhyolite centers. Full argon data for each feldspar and groundmass sample
analyzed at Oregon State University is in Appendix E. Full argon data for biotite
analyzed at Oregon State University is in Appendix F. Feldspar ages are preferred for
samples where both feldspar and biotite were dated. If two samples from the same Unit
produced ages within 2-sigma error, we consider these samples to be from the same
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eruptive unit rather than two different eruptive centers. This was the case only for the two
samples dated from Star Mountain and the two samples dated from Circle Bar (Table 1.2;
Appx. 1.C). Thus, we present ages for 27 distinct, previously undated rhyolite eruptive
centers.
All ages acquired in this study range from 16.81 Ma to 8.62 Ma. All silicic centers
lie within the previously observed ~16.5–15.0 Ma and ~12–0 Ma age ranges, except the
newly designated 16.81 ± 0.05 Ma Dome East of South Fork, the 14.78 ± 0.05 Ma
rhyolite of Dry Creek, and the 14.94 ± 0.20 Ma Birch Creek rhyolite (Table 2). Centers
<12 Ma broadly conform to the northwest-younging age trend of the HLP determined by
previous workers.
Our new ages highlight a notable and previously unrecognized abundance of
distinct rhyolite centers that erupted between ~12.1 Ma and 9.6 Ma, focused in the
easternmost HLP, near Crowley, Oregon. A cumulative age distribution plot (Fig. 1.4)
and basic histogram with a 0.5 Ma bin width (Fig. 1.5), both of which include all existing
ages of 102 unique silicic centers in eastern Oregon (Appx. 1.A.1), display a distinct
periodicity in rhyolite eruptions with three prominent eruptive episodes between the 17.5
Ma Bald Butte rhyolite and the <1 Ma eruptions of Newberry Volcano.
A probability histogram of these same 102 silicic centers at 2-sigma using bin
widths of 0.3, 0.5, and 0.7 Ma and statistical outcome of n = 5000 uniformly distributed
data points bolsters the observation of three distinct periods of rhyolite eruptive activity
(Fig. 1.6). This type of histogram uses the 102 ages and their uncertainties to calculate the
probability of an age falling into a bin if given 5000 randomly distributed data points.
These statistical histograms were generated with varying bin widths and n values to
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determine robustness of the observed periodicity. Though most ages have an uncertainty
of < 0.1 Ma, a bin width of 0.5 Ma is preferred, because three ages have uncertainty ≥ 0.2
Ma, one of which has an uncertainty of ± 0.66 Ma (Appx 1.A.1). Histogram results with
different n values (n = 500, 1000, or 5000) display little to no discernable variations
(Appx. 1.A.1).
The basic histogram and the cumulative age distributions most significantly point
out variations in eruptive frequency over time. Eruptive activity initiated with a relatively
gradual onset consisting of five rhyolites in an ~1 m.y. duration and began with the 17.53
± 0.08 Ma eruption of Bald Butte (Ford et al., 2013). Rhyolite eruptive activity intensifies
after eruption of the 16.29 ± 0.21 Ma rhyolite of Beulah Reservoir (Hess, 2014), when 38
eruptions occurred in a ~3.5 m.y. period, ceasing after the 14.37 ± 0.02 Ma Strawberry
Rhyolite (Dvorak M.S. thesis, in press). A 2.3 m.y. eruptive hiatus preceded the second
prominent 12.1–9.6 Ma episode of 24 rhyolites in a 2.5 m.y. period, initiating with
eruption of the 12.05 ± 0.66 Ma Beatys Butte rhyolite (Scarberry et al., 2010) and
concluding after eruptions of the 9.86 ± 0.02 Ma newly defined Griffin Creek rhyolite
and the 9.63 ± 0.05 Ma Devine Canyon Tuff (Ford et al., 2013). Only five rhyolite
eruptions occurred within the 1.9 m.y. period between eruption of the Devine Canyon
Tuff and the 7.68 ± 0.04 Ma rhyolite of Burns Butte (Jordan et al., 2004), representing a
notable waning in rhyolite volcanism ~9.6–7.7 Ma. The third prominent 7.7–5.1 Ma
pulse includes 20 eruptions in the ~2.6 m.y. period, waned after eruption of the 5.13 ±
0.02 Ma Potato Lake Tuff (Sanville, 2015). Ten rhyolite eruptions occur after 5.1 Ma,
starting with eruption of the 4.34 Ma Cougar Mountain rhyolite (Ford et al., 2013) and
concluding with the 0.13 Ma eruption of Big Obsidian Flow (Robinson and Trimble,
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1983). Of these ten eruptions, seven are associated with Newberry Volcano. It should be
noted that the frequency of rhyolite eruptions does not reflect the volume of rhyolite
eruptions over time within the HLP. Over half of the volume of rhyolites erupted in the
HLP were emplaced between 10–7 Ma, reflecting an overall decrease in the volume of
rhyolite eruptions through time (e.g., Ford et al., 2013).
DISCUSSION
A regional map of Miocene rhyolites with new ages from this study agrees with
trends reported by previous workers (i.e., Ford et al., 2013) (Fig. 1.7). Rhyolites that
erupted from ~17.5–16.3 Ma are dispersed over a wide area, emplaced as far south as
around Lakeview, Oregon. and as north as Unity, Oregon. Silicic units emplaced ~16.3–
14.4 Ma are largely concentrated in between ~119–117°W and 43–44°N, with the
exceptions of the Horsehead Mountain dacite, Little Juniper Mountain dacite, Wagontire
Mountain rhyolite, and Donnelly Butte rhyolite, which erupted further west. Rhyolites
that erupted ~12.1–9.6 Ma are located within the primary sampling area (119–117°W and
43–44°N), most highly concentrated within 43°00’–43°30’N, except for the widely
dispersed Devine Canyon Tuff and the rhyolite of Beatys Butte emplaced ~80 km
southwest of the study area. The five rhyolites that erupted between 9.6 Ma and 7.7 Ma
are widespread, emplaced as far southwest as the rhyolite of Drake Peak near Lakeview,
Oregon and far northeast as the newly defined South of Drewsey rhyolite. All rhyolites
that erupted between 7.7–5.1 Ma were emplaced within the HLP, except for seven
eruptions that occurred south of the HLP extent near Lakeview, Oregon, including Bug
Butte, Fergason Mountain, Quartz Mountain, Cougar Peak, and the dome east of Lake
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Abert (Appx. 1.A.1). Drake Peak, Flint Ridge, the dome east of Lake Abert, Yamsay
Mountain, and Hagar Mountain silicic centers are mostly intermediate compositions and
were emplaced west of 119°W but ~10–50 km south of the southern extent of the HLP,
leading some researchers to characterize them as part of the Northwest Basin and Range
province (e.g., Ford et al., 2013). All post-5.1 Ma rhyolites are concentrated near
Newberry Volcano and the Silver Lake Tuff eruptive center in the eastern HLP province,
south of Bend, Oregon.
Initiation of co-CRBG Rhyolite Eruptions at ~17.5 Ma and the 17.5–14.4 Ma
Eruptive Episode
Though the mantle source for the CRBG flood basalts still a topic of debate, we
discuss Miocene co-CRBG rhyolite volcanism in context with studies that support a
deep-sourced mantle plume (cf. Hooper et al., 2002; Camp and Wells, 2021). A strong
upwelling, ponding, and radial spreading of mantle from the deep-sourced plume beneath
eastern Oregon resulted in the CRBG flood basalts ~17.3 Ma (Cahoon et al., 2020), the
main phase of flood basalt volcanism ~17.0–16.0 Ma, and co-CRBG rhyolites (e.g.,
Camp et al., 2003; Camp, 2019). There is only a brief ~0.2 m.y. period between the
earliest CRBG flood basalts at ~17.3 Ma and initial co-CRBG rhyolite eruptions ~17.5
Ma. On the other hand, main-phase CRBG flood basalt volcanism beginning at ~17.0 Ma
is ~0.7 m.y. prior to peak co-CRBG rhyolite volcanism at ~16.3 Ma. In other bimodal
flood basalt provinces around the world, basalt eruptions commonly occur shortly (<2
m.y.) before associated rhyolite eruptions because of the residence time, or lag time,
necessary to generate eruptible silicic magma reservoirs (e.g., Streck et al., 2015;
Townsend et al., 2019). For example, there is an ~1.1 m.y. gap between flood basalts and
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rhyolites of the Deccan Traps (Sheth and Pande, 2014), and there is an ~1–2 m.y. gap
between onset of mafic and rhyolitic eruptions in the Karoo province (Duncan et al.,
1997; Riley et al., 2004). If this is the case, the ~0.2 m.y. lag time to generate co-CRBG
rhyolites is comparatively short. Regions of CRBG basalt magma storage are reflected by
the locations of co-CRBG rhyolite eruptive centers (e.g., Streck et al., 2015). The few and
widespread 17.5–16.3 Ma rhyolite eruptions prior to the relatively focused eruptions of
peak co-CRBG rhyolite volcanism suggests a greater distribution of deep-sourced mantle
plume material than previously reported at this time, possibly as far west as Drake Peak
and Bald Butte. As material from the mantle plume tail continued to rapidly accumulate
in the regional crust and cause main-phase CRBG basalt eruptions, large eruptible
volumes of silicic magmas were generated and represent the peak of co-CRBG rhyolite
eruptions.
The 14.4–12.1 Ma Rhyolite Eruptive Hiatus
The 14.4–12.1 Ma gap in the regional rhyolite age progression reflects a hiatus in
rhyolite eruptive activity that correlates to variations observed in regional mafic
magmatism during this period (Fig. 1.5). Migration of the North American craton over
the plume tail at ~15 Ma caused rapid radial spreading of plume material to transition
into the narrow age-progressive rhyolite volcanism of the YSRP track to the east and
relatively slow westward spreading initiating in areas west of the craton boundary (e.g.,
Camp, 2019; Camp and Wells, 2021). Decreased mantle flux would explain the scarcity
in mafic eruptions that is broadly concurrent with the ~14.4–12.1 Ma period of rhyolite
eruptive quiescence (Fig. 1.5). Lack of ~14.4–12.1 Ma rhyolites in the regional
geochronologic record as a result of erosion or burial seems less plausible. Some
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rhyolites may no longer be exposed due to erosion and deposition related to ~17–10 Ma
Northwest Basin and Range extensional faulting. However, with a complete regional
geochronologic record of exposed rhyolites, such a clear absence of rhyolite eruptions for
the ~2.3 m.y. period of ~14.4–12.1 Ma seems unlikely to result solely from erosion and
burial.
Three distinct mafic to intermediate volcanic eruptions occurred in eastern
Oregon between ~15.0 Ma and ~10.1 Ma, some of which have not been extensively
studied: the ~15.0–13.1 Ma calc-alkaline Owyhee Basalt, the ~13.9–13.1 Ma tholeiitic
Tims Peak Basalt, and the calc-alkaline ~13.5–10.1 Ma Keeney Sequence (Table 1.1). It
should be noted that these age ranges come from sparse ages acquired from few erupted
units (Table 1.1; Appx. 1.A.2). In addition, precise volumes of the Owyhee Basalt, Tims
Peak Basalt, and Keeney Sequence lavas are not known. Based on previous mapping,
stratigraphic measurements, and geochemical data from multiple studies (e.g., Ferns and
Cummings, 1992; Lees, 1994; Hooper et al., 2002; Camp et al., 2003), the Keeney
Sequence, Tims Peak Basalt, and Owyhee Basalt flows erupted within an ~1344 km2 area
between Venator and Juntura, Oregon. and dispersed along the eastern and western flanks
of the Oregon-Idaho graben. If (1) these flows were originally emplaced throughout
aforementioned ~1344 km2 area and the entire ~3750 km2 area of the Oregon-Idaho
graben (a total of ~5194 km2), and (2) present day exposures only represent a mere 30%
of the originally emplaced lavas due to erosion or burial, then original emplacement
would have occurred over an area of ~17,313 km2 in the ~5 m.y. duration of these mafic
eruptions. For comparison, this generous approximation is only ~8% of the total area of
>210,000 km2 emplaced during main-phase CRBG eruptions in a significantly shorter
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~1.5 m.y. period (Reidel et al., 2013), with later studies increasing estimated erupted
volumes and distributions (Cahoon, et al., 2020). These few and relatively small-volume
eruptions may be evidence of a decreased rate of mantle input post-15 Ma that was
sufficient to result in waning basaltic volcanism and the hiatus of rhyolite eruptions
between ~14.4 Ma and 12.1 Ma.
Strong Recommencement of Rhyolite Volcanism at 12.1 Ma and the 12.1–9.6 Ma
Eruptive Episode
If decreased mantle flux post-15 Ma is responsible for the 14.1–12.1 Ma rhyolite
eruptive hiatus, this implies that the strong recommencement of rhyolite volcanism ~12.1
Ma resulted from a distinct increase in mantle flux to induce significant crustal melting.
Thus a voluminous mafic eruptive episode within ~2 Ma before 12.1–9.6 Ma rhyolites is
also expected. Although the age ranges are not precise, we can approximate that the
Owyhee and Tims Peak Basalt erupted ~1–3 m.y. before 12.1 Ma, and the ~13.5–10.1
Ma Keeney Sequence eruptions coincide with the onset of ~12.1 Ma rhyolites. The
Owyhee, Tims Peak Basalt, and Keeney Sequence basalts are likely involved in the
petrogenesis of 12.1–9.0 Ma rhyolites, but there may be other factors involved, addressed
below.
Lack of voluminous ~13–12 Ma regional basalts could be attributed to hindrance
by the regional crust. The voluminous co-CRBG rhyolite eruptions provide insight into
the significant amount of crustal melting and silicic magma-storage systems active
between ~17.5 Ma and 14.4 Ma. These older, widespread, erupted and non-erupted
rhyolite melts may have prohibited basaltic magmas from ascending through the crust to
the surface (e.g., Ford and Grunder, 2011). Seismic data from Chen et al. (2013) shows
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crustal thicknesses beneath the Owyhee Plateau east of the HLP province (~45 km) are
slightly greater than crustal thicknesses along the HLP track (~35 km). Crustal
thicknesses and viscosities in easternmost Oregon, though west of the craton boundary,
may have been great enough to inhibit mafic magmas from ascending to the surface
between ~13 Ma and 12 Ma (Townsend et al., 2019).
It should be noted that the lack of observed voluminous ~13–11 Ma basalts in the
regional geologic record may not necessarily demonstrate a lack of such eruptions at this
time. Eastern and central Oregon have been subject to erosion via Basin and Range
extensional faulting over the past ~10 Ma (Scarberry, et al., 2010). Despite the Keeney
Sequence, Tims Peak Basalt, and Owyhee Basalt being the only mafic flows known to
have erupted between ~13 Ma and 11 Ma in the region of interest, others undocumented
may have eroded or been buried as a result of Basin and Range tectonism. In addition,
there is a notable lack of precise age and geochemical data for some exposed <15 Ma
regional basalts, including those around highway 20 near Black Butte, North of Drewsey,
and around Circle Bar (Camp et al., 2003), some of which are unnamed and some
postulated to associate with the ~6.91 ± 1.09 Drinkwater Basalt (K-Ar; Green et al.,
1972). A combination of erosion, younger deposition, and lack of data could bias the
regional record of ~13–11 Ma basalts.
Waning in Rhyolite Eruptions ~9.9–9.0 Ma and 9.0–5.1 Ma Episode
Waning in rhyolite eruptive activity ~9.6–9.0 Ma and subsequent 9.0–5.1 Ma
rhyolite eruptive episode does not have a clear explanation by previous research. Ford et
al. (2013) noted a lack of reported ages among <10 Ma rhyolites of the HLP and
Northwest Basin and Range in three >1 m.y. gaps: 9.6–8.4 Ma, 8.2–7.3 Ma, and 5.8–4.34
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Ma. The completed compilation of ages conform with the earliest gap, finding a waning
in eruptive activity ~9.6–9.0 Ma (Fig. 1.4; 5; 6). We find no significant gap between 8.2
Ma and 7.3 Ma, but this is around the apparent transition between the slow onset period
(~9.0–7.3 Ma) and the prominent third pulse of rhyolite eruptions at that began ~7.3 Ma.
When discussing all 102 rhyolite eruptive centers in southeast Oregon, no eruptive hiatus
is observed within the 5.8–4.34 Ma period, as previous studies have produced ages for six
rhyolites within that range: Cougar Mountain, the Potato Lake Tuff, Bug Butte (top),
North Connelly Hills, “Juniper Ridge, west”, and Glass Buttes “A” (Appx. 1.A.1).
However, the 5.17 Ma rhyolite of Bug Butte (top) is ~80 km southwest of the HLP
province extent, making it too far away to be included when discussing the HLP trend.
When excluding Bug Butte (top), the 5.13 Ma Potato Lake Tuff is the only rhyolite
eruption that occurred within the 1.25 m.y. period between the 5.59 Ma North Connelly
Hills rhyolite and the 4.34 Ma Cougar Mountain rhyolite. Thus, 5.6–4.3 Ma is considered
a period of waned eruptive activity in both the HLP trend and within all <12 Ma regional
rhyolite volcanism.
Of the three episodes of mafic volcanism in the HLP described in previous
studies, two coincide with the ~9.0–5.1 Ma rhyolites: those that erupted ~8.0–7.5 Ma and
those that erupted 5.9–5.3 Ma (Jordan et al., 2004). Jordan et al. (2004) first noted that
the earliest ~8.0–7.5 Ma mafic eruptions were soon followed by a pulse of rhyolite
volcanism. Our analysis corroborates this finding, with the third eruptive episode
initiating at ~9.0 Ma and peaking at ~7.3 Ma, or ~0.3 m.y. after the ~8.0–7.5 Ma basalts.
The ~6.91 Ma Drinkwater Basalt (K-Ar; Greene et al., 1972) also erupted during the 9.0–
5.1 Ma episode of silicic eruptive activity, and it was emplaced primarily in the area
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between the Harney Basin and the Oregon-Idaho graben (Camp et al., 2003).
Ford et al. (2013) explained that the waning of basaltic eruptions post-5 Ma likely
resulted from decreased basalt flux. Their conclusion coincides with our observed 5.6–4.3
Ma period of lessened rhyolite eruptive activity to present day Newberry eruptions. Camp
(2019) described distribution of mantle plume material at this time to be widespread
through multiple narrow channels throughout the western HLP, which implies that the
heat from the mantle was distributed over a greater extent before eventually pooling
against the eastern margin of the Cascade Arc. A combination of decreased mantle
volume and heat flux and a higher density crust composed of erupted and non-erupted
mafic and silicic melts across millions of years may have hindered younger basalts from
ascending through the crust to produce silicic crustal melts (Ford and Grunder, 2011;
Ford et al., 2013).
Implications for a Refined Model of High Lava Plains Volcanism
Below we present evidence for a model to explain <18 Ma rhyolite volcanism of
southeast Oregon that focuses on the transition between CRBG- and HLP-age volcanism
and the progression of the HLP trend, summarized in Table 1.3.
Nearly all previously proposed models attribute <12 Ma volcanism of eastern
Oregon to westward migration of hotter mantle, and discrepancies between them lie in
the source of mantle material and in the force driving the spreading. The primary
arguments are for buoyancy-driven spreading of a deep-sourced mantle plume (e.g.,
Jordan et al., 2004), slab dynamics driving crustal extension and mantle convection (e.g.,
Ford et al., 2013), or some combination of them (e.g., Kincaid et al., 2013). Regardless of
mantle source, such models that entail continuous migration or flux of hotter mantle
29

material as the catalyst for crustal melting to produce HLP rhyolites seem less plausible
with the newly discovered periodicity in eastern Oregon silicic volcanism, particularly
the two prominent pulses after 12.1 Ma. These distinct silicic eruptive episodes demand a
model with more punctuated mafic inputs.
The lithosphere in Eastern Oregon was left structurally weakened after CRBG
magmatism. CRBG magmas resided in the crust in an area from south of Baker City to
the Oregon-Nevada border and westward to about 119o latitude (Camp and Ross, 2004;
Wolff et al., 2008), and regions of magma storage are reflected by the occurrence of coCRBG rhyolites (Streck et al., 2015, 2017; Webb et al., 2018). In other words, the
locations of these silicic eruptions are correlated to the CRBG basalt storage locations (cf.
Wolff et al., 2008). CRBG magmatism was accompanied by significant extension
expressed as generally north-south trending faults. Northwest Basin and Range extension
apparently began 17–16 Ma and continued with slightly waning intensity until 12–10 Ma
(Colgan and Henry, 2009; Brueseke et al., 2014). CRBG-age extension in areas farther
north of the Northwest Basin and Range is evidenced by the north-south-trending feeder
dikes of the CRBG flood basalts (Hooper, 1997) and by initiation of the Oregon-Idaho
graben at ~16 Ma. There is a concentration of relatively unstudied north- to northnorthwest-trending normal faults east of highway 395, in the area between John Day,
Vale, Crowley, and Burns, Oregon (Figs. 1.8; 1.9). Previous workers note these northstriking, near-vertical faults crosscut some co-CRBG rhyolites (Greene et al., 1972; Ferns
et al., 1993a; 1993b), implying extensional faulting in this locality occurred mainly after
and possibly during emplacement of co-CRBG rhyolites. Some of these faults are
correlated to the Oregon-Idaho graben and others have not been studied in enough detail
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to know whether they are part of Northwest Basin and Range extension or due to regional
uplift during main phase CRBG magmatism (e.g., Glen and Ponce, 2002), particularly
those around the Malheur National Forest in Oregon. In summary, the mantle upwelling
that caused CRBG basalt magmatism was the driving force behind production of coCRBG rhyolites. Both regional extension and additions of melt into the crust can
substantially decrease the strength of the crust (Rosenburg and Handy, 2005; Rosenburg
et al., 2007), and these factors impacted the regional lithosphere during CRBG
magmatism.
Strong recommencement of rhyolite volcanism ~12.1 Ma reflects a shift in the
primary mechanism driving regional magmatism from this earlier pronounced mantle
upwelling as attributed to a deep-sourced plume (e,g. Jordan et al., 2004, Camp, 2019) to
regional extensional forces. By this time, the mantle upwelling associated with CRBG
volcanism is no longer actively affecting the area, and this decreased flux of mantle
material is evidenced by the 14.4–12.1 Ma hiatus in rhyolite eruptions. Rhyolites of the
12.1–9.6 Ma pulse are mostly concentrated in an area of relatively unstudied north-south
trending normal faults between Burns and Crowley, Oregon, which is within the regional
lithosphere impacted by earlier CRBG magmatism (Fig. 1.7, 1.8). There is evidence for
some of these faults crosscutting co-CRBG rhyolites and some crosscutting 12.1–9.6 Ma
rhyolites (e.g., Greene et al., 1972), implying that regional normal faulting occurred
during and after both eruptive episodes. Clockwise rotation of Oregon and the Cascade
arc has been ongoing since ~16 Ma, starting at a rate of ~2 mm/yr, increasing to ~33
mm/yr at ~10 Ma, and decreasing to ~5 mm/yr at ~5 Ma (Wells and McCaffrey, 2013).
Notably, Wells and McCaffrey (2013) mention that they do not have mid-stage data (e.g.,
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16–10 Ma) to calculate continuous variations in rotation rates. If rotation actually reached
a peak rate at ~13–12 Ma, this increase in regional faulting and extension combined with
ongoing Northwest Basin and Range extension is a significant factor in the strong
recommencement of silicic volcanism at 12.1 Ma. A lithosphere structurally weakened by
CRBG volcanism subjected to additional extension and rotation would be further
weakened by addition of mafic melts related to the Tims Peak Basalt, Owyhee Basalt,
Keeney Sequence basalts, and Strawberry basalts and basaltic andesites. Compounding of
these factors induced the strong recommencement of rhyolite volcanism ~12.1 Ma.
Waning in rhyolite eruptive activity between ~9.6 Ma and 7.7 Ma reflects a shift
in accommodation of continued regional extension and rotation in lithosphere less
impacted by CRBG magmatism. The rate of clockwise rotation begins to decrease after
~10 Ma (Wells and McCaffrey, 2013). The five eruptions within the ~2 m.y. period
between 9.6 Ma and 7.7 Ma occurred within a widespread region that is outside of the
extent most significantly impacted by CRBG flood basalt magmatism, as evidenced by
the distribution of co-CRBG rhyolites (Fig. 1.7). Structural evidence suggests Brothers
Fault Zone extensional and transverse faulting began by at least ~7.5 Ma (Jordan, 2005).
This ~2 m.y. period of decreased rhyolite volcanism falls within the transition between
prominent north-south-trending Northwest Basin and Range faulting and initiation of the
Brothers Fault Zone. A decrease in regional faulting of lithosphere less affected by
CRBG magmatism would result in a decrease in mantle upwelling to generate basalts and
coeval rhyolites at ~9.6–7.7 Ma.
Continued clockwise Oregon block rotation and initiation of the Brothers Fault
Zone are the primary forces responsible for the 7.7–5.1 Ma rhyolite episode. Initiation of
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the Brothers Fault Zone coincides with the first episode of mafic volcanism in the HLP at
~8.0–7.5 Ma (Jordan et al., 2004) and with the onset of peak of rhyolite eruptive activity
at ~7.7 Ma (Fig. 1.5; Table 1.2). The calculated rate of extension throughout the Brothers
Fault Zone over the last ~8 Ma (~1%) is too low to suggest decompression melting as a
primary mechanism in generating HLP mafic magmatism (Jordan et al., 2004; Jordan,
2005), but mafic vents and fissures align with some of the northwest-striking faults of the
Brothers Fault Zone, implying that lavas erupted along structurally controlled fissures
(Trench et al., 2012, 2013). Extensional faulting that allowed injection of mafic magmas
into the crust would induce crustal melting and rhyolite volcanism between 7.7 Ma and
5.1 Ma. The average rhyolite eruptive intensity (eruptions per 1 m.y.) during the 7.7–5.1
Ma episode (~8 eruptions per 1 m.y.) is slightly less than that of the 12.1–9.6 Ma episode
(~10 eruptions per 1 m.y.), which is likely because volcanism occurred within regional
lithosphere relatively less effected by CRBG volcanism. Most eruptions within the 7.7–
5.1 Ma episode occurred within the HLP in the region between the Harney Basin and
Newberry Volcano, but when considering rhyolites within and outside of the HLP
province, rhyolites of this episode are much more widely dispersed than those of the
12.1–9.6 Ma episode (Fig. 1.7). Wide distribution of these rhyolites may reflect the
influence of back-arc extensional processes (e.g., Christiansen and McKee, 1978; Smith,
1992) or slab rollback in spreading of upper mantle material and heat flux throughout the
central HLP and regions south-southwest near Lakeview, Oregon, (Ford et al., 2013).
Trench et al. (2012, 2013) described the relationship between periodic additions
of melt to the crust and initiation of localized faulting to possibly explain the episodic and
widespread nature of HLP mafic volcanism despite the consistent rate of extension
33

throughout the entire Brothers Fault Zone after ~8 Ma. This relationship would affect the
residence times of mafic melts within the crust, and it may explain why episodes of mafic
volcanism do not strongly align with the timing and propagation of rhyolite eruptive
activity within the HLP post–9.0 Ma (Fig. 1.5). Additions of earlier erupted and nonerupted melts within localized areas throughout the HLP would cause local variations in
crust density and in how refractory the crust is. These compositional differences would
affect local abundance of faulting and thus affect basalt transmissibility through the crust.
Basalt magmas can quickly propagate through the crust without impediment in areas with
significant faulting, and in which case, it is possible that eruptible volumes of rhyolites
would not be generated. Localized compositional variations and subsequent effects on
regional faulting would explain why HLP mafic volcanism is widespread and not ageprogressive like HLP rhyolites despite consistent rates of extension throughout the
Brothers Fault Zone.
The driving mechanisms responsible for waning of rhyolite volcanism after 5.1
Ma are less defined than earlier periods of decreased rhyolite eruptive activity. Of the ten
total post–5.1 Ma eruptions, seven are associated with Newberry Volcano, and all ten
eruptions occurred in a focused region at and southeast of Newberry Volcano (Fig. 1.7).
Proximity of this region to the Cascade Arc as fertilized the crust with volatiles (cf.,
Rowe et al., 2009), aiding in basalt magmatism and generation of rhyolite magmas.
Overall waning of eruptive activity is likely a result of regional extension and shallow
mantle upwelling within lithosphere that has not been impacted by CRBG volcanism.
Waning post-5 Ma rhyolite volcanism along the western edge of the HLP includes a burst
of rhyolite volcanism within the central Oregon Cascades where projections of the HLP
34

trend and Brothers Faults Zone faults converge. These rhyolites associated with the
Deschutes Formation (e.g., Pitcher et al. 2021) may be mainly due to increased intra-arc
rifting (e.g., Conrey et al., 2002), yet a detailed analysis of this is beyond the topic of this
contribution.
CONCLUSIONS
New ages from this study added to the compilation of existing ages indicate
Miocene rhyolite volcanism of eastern Oregon occurred in three prominent pulses, rather
than two as previously reported. Co-CRBG rhyolite volcanism initiated gradually at
~17.5 Ma and peak eruptions occurred at ~16.3–14.4 Ma. We confirm and refine the
subsequent eruptive hiatus to ~14.1–12.1 Ma noted in previous studies. A second
previously unrecognized episode of rhyolite eruptions occurred ~12.1–9.6 Ma. Rhyolite
volcanism waned from ~9.6–7.7 Ma. The third eruptive episode occurred ~7.7–5.1 Ma,
followed by decreased rhyolite eruptive activity that continues to present day Newberry
Volcano.
Rhyolite eruptive episodes are correlated to (1) the timing of mantle upwelling,
basalt generation, and coeval basaltic eruptions and (2) contemporaneous regional
tectonic activity. The large influx of mantle plume material in eastern Oregon and the
associated CRBG flood basalts provided heat to the crust to induce abundant coeval
regional rhyolite volcanism from ~16.3–14.1 Ma. The 14.4–12.1 Ma hiatus in rhyolite
eruptive activity reflects a decreased flux of mantle material, as the mantle upwelling
associated with CRBG volcanism is no longer actively affecting the area. Rhyolite
volcanism of the second (12.1–9.3 Ma) episode is concentrated in the area where the
eastern HLP and co-CRBG rhyolites overlap. Strong recommencement of rhyolite
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volcanism at ~12.1 Ma is a result of regional crust weakened by CRBG volcanism
experiencing continued Northwest Basin and Range extension and peak clockwise arc
rotation rates. Waning of rhyolite eruptive activity between 9.6 Ma and 7.7 Ma reflects a
regional transition between significant north-south Northwest Basin and Range faulting
and initiation of the Brothers Fault Zone at ~7.5 Ma. The third pulse of rhyolite eruptive
activity (7.7–5.1 Ma) coincides with initiation of the Brothers Fault Zone and occurred
within lithosphere less affected by earlier CRBG volcanism. After ~5.1 Ma, rhyolite
volcanism is occurring in a focused area around Newberry volcano in crust influenced by
the subduction zone and unaffected by CRBG volcanism.
This study highlights the magmatic and tectonic complexities involved in
continental flood basalt and bimodal volcanic systems. Our interpretations underscore the
relationship between faulting and magma storage that can be applied to other global
bimodal systems, particularly those influenced by multiple tectonic regimes.
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TABLE 1.1. PREVIOUSLY REPORTED 40AR/39AR AGES FOR 15–10 MA
REGIONAL BASALTIC ERUPTIONS
Age
Error (±2σ)
Formation Association
Unit Dated*
Source
(Ma)
(m.y.)
Keeney Sequence

10.1

1.4

1

10.1

0.23

2

Keeney Sequence

10.3

1.2

1

Keeney Sequence

10.4

0.8

1

Keeney Sequence

11.5

2

1

Keeney Sequence

11.5

0.4

1

Keeney Sequence

12.2

0.2

3

Keeney Sequence

Riverside lavas

Keeney Sequence

Buck Mountain

12.5

0.05

2†

Tims Peak basalt

Prava Peak

13.1

0.2

3

Tims Peak basalt

Hat Top

13.4

3.6

1

13.4

0.8

1

13.6

0.2

3

Keeney Sequence
Tims Peak basalt

Hat Top

Tims Peak basalt

13.8

Owyhee Basalt

13.8

0.3

5

13.9

0.2

1

Tims Peak basalt

Prava Peak

Owyhee Basalt

14.1

Owyhee Basalt

15

4

6
0.3

7

Note: This table includes basaltic flows known to have erupted within the study
region between 15–10 Ma, and thus does not include later non-main-phase
eruptions associated with the Columbia River Basalt Group that erupted outside
of the study region.
1 – Hooper et al. (2002); 2 – Camp et al. (2003); 3 – Hooper et al. (2002) cites
Dunnean (1998); 4 – Wright et al. (2016); 5 – Fiebelkorn et al. (1983); 6 –
Fiebelkorn et al. (1983) cites Laursen and Hammond (1974); 7 – Fiebelkorn et al.
(1983) cites Baksi and Watkins (1973), Watkins and Baksi, (1974) and Laursen
and Hammond (1974)
*Specific unit dated only listed if specified from source
†
Referred to as Buck Mountain of Keeney Sequence because of similarities to
Shumway Basalt from Fiebelkorn et al. (1983)
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TABLE 1.2. SUMMARY OF 40AR/39AR AGES FROM THIS STUDY
Sample ID
EJ-12-19
EJ-12-21B

Unit

Age

Error
(±2σ)

(Ma)

(m.y.)

S

8.62

0.03

5/30

S

9.86

0.02

15/30

Material

South of Drewsey#
#

Griffin Creek

§

n/nt†

MS-13-09

McEwen Butte

S

10.717

0.01

15/15

MS-13-10

Visher Creek

S

11.46

VS17-001

Stockade Mountain

VS17-003

Star Mountain

VS17-020

Star Mountain

S

#

0.02

26/30

§

0.013

17/17

§

11.029

S

10.659

0.02

S

10.64

0.02

30/30

VS17-034

Stockade Mountain, south

S

11.41

0.04

29/30

VS17-035

Mustang Butte

G

10.84*

0.04

15/32

VS17-043

Saddle Butte

S

10.94

0.05

30/30

VS17-045

Iron Point

S

11.84

0.06

28/30

S

10.57

0.03

29/30

VS17-046b

Dome N of Iron Point

#

#

VS17-054

Unidentified Flow #1

S

10.21

0.03

25/30

VS17-056

South Fork

S

10.35

0.05

23/30

VS17-065

Sacramento Butte

S

11.85

0.06

29/30

VS19-079

Birch Creek

P

14.94

0.2

21/30

G

16.81*

0.05

10/30

#

VS19-080

Dome E of South Fork

VS19-085

Circle Bar

S

10.52

0.02

27/30

VS19-098

#

Stockade Mountain, proper

S

11.21

0.03

24/30

VS19-101

Trd N of Stockade Mountain

S

11.08

0.03

30/30

VS19-104

Trd N of Stockade Mountain

S

11.47

0.04

29/30

VS19-106

Black Butte

S

11.45

0.02

29/30

VS19-116

Dry Creek

S

14.78

0.03

24/30

MSWD

1.52

1.19

S – sanidine; G – groundmass; P – plagioclase
*Incremental heating age. All others are single crystal total fusion.
†
n = number of crystals analyzed in the age calculation; nt = total number of crystals
analyzed.
#
Unit name is newly designated by this study, because the unit was previously unnamed.
§
Age calculated at New Mexico Institute of Mining and Mineral Resources. All other ages
calculated at Oregon State University. See Appendix C for 40Ar/39Ar ideograms and plateaus
and Appendix D for detailed sample preparation procedures.
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TABLE 1.3. SYNOPSIS OF SIGNIFICANT PERIODS IN MIOCENE RHYOLITE ERUPTIVE
ACTIVITY AND THE PRIMARY REGIONAL TECTONIC AND MAGMATIC PROCESSES
INVOLVED
PROVINCE
ASSOCIATION

TIMELINE OF RHYOLITE
ERUPTIVE EPISODES
5.1 Ma to present waned
rhyolite volcanism
7.7–5.1 Ma 3rd major
episode of rhyolite
volcanism

HLP volcanism
9.6–7.7 Ma waning in
regional eruptive activity
12.1–9.6 Ma strong
recommencement and 2nd
major episode of rhyolite
volcanism
14.4–12.1 Ma prominent
hiatus in regional rhyolite
eruptive activity

16.3–14.4 Ma 1st major
episode of rhyolite
volcanism

CRBG
volcanism
17.5–16.5 Ma gradual
onset of co-CRBG rhyolite
volcanism

PRIMARY MECHANISMS DRIVING OR
CEASING RHYOLITE VOLCANISM
Sparse rhyolite volcanism is focused in the
area around Newberry volcano in crust
influenced by the subduction zone and
unaffected by CRBG volcanism
Onset of eruptive activity coincides with
initiation of the Brothers Fault Zone;
Volcanism occurred within lithosphere less
affected by earlier CRBG volcanism
Regional transition between significant northsouth Northwest Basin and Range faulting
and initiation of the Brothers Fault Zone at
~7.5 Ma
~7.5 Ma initiation of BFZ normal faulting and
shearing, continued NWBR extension and arc
rotation, and episodic inputs of melt into the
crust, facilitate upper mantle driven HLP
volcanism
Mantle flux decreases in the region, which
may be a result of the North American plate
migrating over the deep-sourced plume tail
Greatest mantle flux and formation of large
mafic magma reservoirs; Timing of this pulse
coincides with volumenous Grande Ronde
Basalt volcanism
Co-CRBG extensional faulting is correlated to
upwelling of mantle
Deeper sourced mantle plume-induced
regional crustal melting and propagation of
basaltic magmas through the crust to produce
rhyolites (either by partial melting or crystal
fractionation)
Gradual onset reflects basalt magmas
ascending unimpeded through the crust prior
to major reservoir formation; Relatively
minimal residence times of mafic magmas
within the crust
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Figure 1.1 Map of major regional Miocene volcanic provinces of the Pacific Northwest.
Modified from Coble and Mahood (2012; 2016) and Camp (2019). Extent of coColumbia River Basalt (co-CRBG) rhyolites reflects new ages from recent studies (e.g.,
Streck et al., 2015; Sales, 2018; Webb et al. 2018). The fine dashed line is 0.706 Sr
isotope line that represents the approximate craton boundary. Age ranges for the
Yellowstone–Snake River Plain (Y-SRP) calderas are from Perkins and Nash (2002).
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Figure 1.2 Compilation map of Miocene silicic centers in the primary sampling area.
Sampling area of this study (outlined in Figure 1). This map highlights silicic units of the
Co-Columbia River Basalt Group (>15 Ma; shades of blue), High Lava Plains (HLP; <12
Ma; shades of yellow), and the abundance of missing ages for centers in the area where
the two provinces overlap. Red color denotes a center that was undated or had yet to be
precisely dated (only a K-Ar or stratigraphic age is reported). HLP extent and Devine
Canyon and Prater Creek tuff eruptive centers from Ford et al. (2013). Leslie Gulch,
Mahogany Mountain, and McIntyre Ridge areas include all units associated with the
Mahogany-Three Fingers rhyolite field. Sources for ages are in Appendix 1.A.1.
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Figure 1.3 Compilation of previous compositional data of regional rhyolite centers.
Data highlights the significant variation among >15 Ma co-CRBG (blue) and <12 Ma
HLP (yellow) centers and the abundance of centers that had yet to be dated (red). All
centers included are lavas unless otherwise noted in the legend. RST HSR – Rattlesnake
Tuff high silica rhyolites. See Appendix 1.B for sources.
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Figure 1.4 Cumulative age distribution of 102 distinct Miocene regional rhyolite units.
All ages are from unique eruptive centers, unless ages from multiple units of the same
center yielded different ages (not within error of each other). All ages are 40Ar/39Ar ages
except six K-Ar ages from Fiebelkorn et al. (1983) and one radiocarbon age from
Robinson and Trimble (1983), all of which are associated with the Newberry volcano.
Ages that represent the beginning and end of a prominent pulse of rhyolite activity are
labeled. Error (2-sigma) is too small for error bars to show outside of the data point
marker for most ages. The three prominent rhyolite episodes occurred at ~17.5–14.4 Ma,
~12.1–9.6 Ma, and ~7.7–5.1 Ma. The mafic pulse ~15–10.1 Ma includes the Owyhee
Basalt, Tims Peak basalt, and units of the Keeney Sequence. See Appendix 1.A.1 for
complete list of ages and sources.
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Figure 1.5. Histogram of 102 ages of unique regional Miocene rhyolites as in Figure 1.4.
Histogram uses a bin width of 0.5 m.y. Histogram bar colors correspond with those in the
cumulative age distribution diagram (Fig. 4). The Rattlesnake Tuff (RST), Prater Creek
Tuff (PCT), and Devine Canyon Tuff (DCT) account for more than half of the total
volume of rhyolites erupted in the High Lava Plains (Ford et al., 2013). Not labeled are
the younger and less voluminous 5.1 Ma Potato Lake Tuff and 3.9 Ma Hampton Tuff.
The 16.2 – 15.2 Ma Dinner Creek Tuffs, 15.9 Ma Leslie Gulch Tuff, 15.7 Ma Succor
Creek Tuff, 15.5 Ma Wildcat Creek Tuff, and 14.9 Ma Buchanan Tuff of the first
eruptive episode are also not labeled. Grey shades represent prominent periods of mafic
volcanism (y-axis height is of no assigned value); ~17.2–16.0 Ma – main phase CRBG
basalt volcanism (e.g., Brueseke et al., 2007; Cahoon et al., 2020); ~14.1–13.6 Ma –
period of relatively abundant mafic volcanism associated with the Tims Peak basalt,
Owyhee Basalt, and flows of the Keeney Sequence (e.g., Hooper et al., 2002); ~10.6–
10.0 Ma – period of relatively abundant younger CRBG basalt eruptions and eruptions of
the Keeney Sequence (e.g., Barry et al., 2013); 8.0–7.5 Ma, 5.7–5.3 Ma, and 3.0–2.0 Ma
– periods of younger mafic volcanism associated with the HLP (e.g., Jordan et al., 2004).
These basalt episode ranges have been slightly modified to reflect the complete
compilation of ages from additional sources (see Appendix 1.A.2).
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Figure 1.6 Probability histograms of 102 regional Miocene rhyolite eruptive centers.
Histogram uses 2-sigma errors and bin widths of 0.3 Ma, 0.5 Ma, and 0.7 Ma, calculated
using 1000 uniformly distributed data points. A bin width of 0.5 Ma is preferred, because
three ages have uncertainty ≥ 0.2 Ma, one of which has an error of ± 0.66 Ma (Appx
1.A.1). Histogram results when varying n values (n = 500, 1000, or 5000) display little to
no discernable variations (Appx. 1.A.1). Density curve using uniformly distributed data
points shown as a solid black line. Each shade of grey represents a unique rhyolite. Red
dashes represent actual ages (or mean ages, with respect to the density calculations). Plots
were made using R Studio software.
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Figure 1.7 Compilation geologic map of Miocene rhyolite centers of southeast Oregon.
High Lava Plains (HLP) province extent from Ford et al. (2013). Map sources include Ferns et al. (1993a; 1993b),
Greene et al. (1972), Jordan et al. (2004), Jenks et al. (2006; 2007), Ford et al. (2013), Streck et al. (2015), and Webb
et al. (2018). See Appendix 1.A.1 for complete list of age sources. DITEC – Dinner Creek Eruptive Center from
Streck et al. (2015). Red lines are highways, and highways 20, 78 and 395 are labeled.

Figure 1.8 Main stages of Miocene faulting and Cascade forearc rotation in east Oregon.
The 16 Ma, 10 Ma, and 5 Ma positions and stages of rotation are from Wells and
McCaffrey (2013). The approximate 12 Ma position and stage is inferred from the
rotation rate calculated during this time by Wells and McCaffrey (2013). Hollow dot pole
of clockwise rotation (preferred) is the approximate pole found perpendicular to tangents
of the Brothers Fault Zone envelope, calculated by Trench et al. (2013). Solid dot pole of
rotation (only shown in 16 Ma panel) is defined by GPS velocities, calculated by Wells
and McCaffrey (2013). Black arrows in the 16 Ma panel are velocity vectors calculated
from Wells and McCaffrey (2013). Solid black line polygon denotes the extent of the
map area shown in Fig. 1.7. Major Northwest Basin and Range faults are blue. Timing of
these faults comes from various sources compiled by Scarberry et al. (2010), with the
oldest of these being ‘Steens Mountain, south’ and Catlow Rim (both at ~16 Ma). CoCRBG extensional faults are green, including the Oregon-Idaho graben. Continued
extension occurring near peak rotation rates (Wells and McCaffrey, 2013) resulted in
additional N-S extensional faulting ~12 Ma, in yellow. By 10 Ma, several additional
major Northwest Basin and Range faults have activated as regional extension continues.
By 5 Ma, extension and shearing as a result of clockwise forearc rotation has generated
the Brotherz Fault Zone, outlined in red.
47

Figure 1.9 Hillshade map with major fault regimes that affected the primary study area.
Map highlights areas affected by co-CRBG extensional faults, near-N-S extensional
faults proposed to have been activated ~12 Ma, and the bounds Brothers Fault Zone
shearing and extension that initiated by at least 7.5 Ma. All regional faults are noted as
thin black lines. Some prominent faults of a particular regime are bolded and colored
with respect to their associated tectonic regime. The pole of clockwise rotation (hollow
dot) was calculated by Trench et al. (2013).
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CHAPTER 2
PETROGENESIS OF MID-MIOCENE CO-COLUMBIA RIVER BASALT
GROUP AND HIGH LAVA PLAINS RHYOLITE ERUPTIVE CENTERS

ABSTRACT
Mid-Miocene volcanism of eastern Oregon was dominated by two bimodal
volcanic provinces. The mantle upwelling associated with the Columbia River Basalt
Group (CRBG) flood basalts generated coeval ~17.5–14.4 Ma rhyolite volcanism.
Rhyolite volcanism of the ~12–0 Ma High Lava Plains (HLP) has been attributed either
to the same mantle upwelling associated with CRBG volcanism or to upper mantle and
tectonic processes related to Cascadia. Recently acquired geochronological data has
provided evidence that supports a model that ascribes co-CRBG volcanism to the massive
mantle upwelling associated with the CRBG flood basalts, and HLP volcanism reflects a
transition to upper mantle and tectonics-driven regional volcanism, with decreasing
influence of the CRBG plume as HLP volcanism progresses westward. However, these
models were developed using an incomplete dataset. In the area where the two provinces
overlap, only ~24 of the rhyolite eruptive centers had been geochemically analyzed in
detail. Thus, a petrogenetic model for regional rhyolite volcanism remains uncertain.
Detailed geochemical and petrological analysis on 21 rhyolites within the study
area confirm the astounding variations in trace element compositions and mineral
assemblages among rhyolites of the co-CRBG and HLP provinces. In the area where the
two provinces spatially overlap, rhyolites range from 0–25% phenocrysts. Mineral
assemblages vary throughout the region and include alkali feldspar, plagioclase,
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pyroxene, biotite, amphibole, and trace fayalite. Three rhyolites were emplaced during
Episode 1 (17.5–14.4 Ma), 17 during Episode 2 (12.1–9.0 Ma), and one during Episode 3
(9.0–5.1 Ma). Eleven of the rhyolites are highly evolved (Eu/Eu* < 0.16) and three are
much less evolved (Eu/Eu* > 0.6). Twelve of the rhyolites are A-type, seven are I-type,
and four are on the A-/I-type border (Borderline-type).
Compiling our new data and previous data suggests the composition of rhyolite
volcanism is strongly correlated to the volume flux of basaltic melts into the crust, which
in turn, is dictated by the volume of and distance to the upwelling mantle driving regional
volcanism. Nearly all rhyolites emplaced east of 118 °W are A-type, and a mix of both Aand I-type are emplaced west of 118 °W. Rhyolites range from highly evolved (Eu/Eu* <
0.6; Ba < 250 ppm) to less evolved (Eu/Eu* > 0.6; Ba > 1000ppm) and from low-δ18O
(<6 ‰) to high-δ18O (>7 ‰). A-type rhyolites have a higher FeO* at a given SiO2 and
higher HFSEs than I-type rhyolites. The existence of anhydrous mafic silicates is a
critical distinctive characteristic of A-type rhyolites, and the presence of hydrous mafic
silicates is a critical distinctive characteristic of I-type rhyolites. The timing, volume, and
spatial distribution of tholeiitic mafic magmatism and calc-alkaline mafic-intermediate
magmatism coincides with the timing and spatial distribution of A-type and I-type
volcanism, respectively. These findings corroborate a model for co-CRBG and HLP
volcanism that initially involves a massive upwelling of hot mantle to generate co-CRBG
rhyolites, and with westward progression of HLP volcanism, there is decreased influence
of the CRBG-related plume and increased influence of tectonic and upper-mantle
processes driving rhyolite volcanism. Extremely large trace element variations among
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rhyolites at regional and local scales are attributed primarily to variable degrees of partial
melting, crystal fractionation, plus various amounts of crustal assimilation.
INTRODUCTION
The most prominent phase of rhyolite and basaltic volcanism associated with the
bimodal Columbia River Basalt Group (CRBG) province (Fig. 2.1) occurred from ~17.5–
14.4 Ma (e.g., Coffin and Eldholm, 1994; Cahoon et al., 2020; Ch. 1). Numerous studies
posit that the ~17.2–15.6 Ma flood basalts and basaltic andesites of the CRBG are a result
of a rising deep-sourced mantle plume impinging on the base of the North American
lithosphere (e.g., Morgan, 1981; Griffiths and Campbell, 1991; Weinberg, 1997; Camp
and Ross, 2004; Coble and Mahood, 2012). Other recent studies associate the plume’s
origin with the Siletzia province, where initial plume-lithosphere interactions began much
earlier at ~42–34 Ma and continued to present day as the North American plate migrates
over the plume tail (e.g., Wells et al., 2014; Camp and Wells, 2021). In either case, hotter
mantle from greater depth ponded at the base of the lithosphere roughly along the west
side of the craton boundary generating voluminous basaltic magma that then propagated
to the surface via dikes and erupted as the initial CRBG basalts (e.g., Hooper et al.,
2002). Conversely, some studies have argued that CRBG flood basalt geochemical
signatures more closely resemble melting of subcontinental lithosphere via Basin and
Range extension than they resemble a deep-sourced mantle plume (e.g., Leeman and
Streck, 2021). Such studies have related the Yellowstone system to processes such as
upper mantle convection and regional tectonics (e.g., Christiansen et al., 2002). Although
Benson and Mahood (2016) suggest a northward-younging progression in co-CRBG
silicic volcanism, there is little evidence for a space-time trend (Streck et al., 2017). Of
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the three prominent pulses of post-17.5 Ma rhyolite volcanism in eastern Oregon,
rhyolites of the first (17.5–14.4 Ma) episode are associated with the mantle upwelling
that generated the CRBG flood basalts (Ch. 1).
The High Lava Plains (HLP) volcanic province of central and southeastern
Oregon (Fig. 2.1) was a source of bimodal volcanism beginning in the mid-Miocene and
continuing to present day. Regional basalts erupted after 15.0 Ma west of the 0.706 Sr
isopleth (Fig. 2.1) were grouped as high-aluminum olivine tholeiites (HAOTs),
containing higher Ni, higher Mg numbers, and lower concentrations of incompatible
elements than Snake River Plain olivine tholeiites (SROTs) east of the 0.706 Sr isopleth
(Hart et al., 1984). Mafic and intermediate eruptions of the ~15.0–13.1 Ma calc-alkaline
Owyhee Basalt, the ~13.9–13.1 Ma tholeiitic Tims Peak Basalt, and the calc-alkaline
~13.5–10.1 Ma Keeney Sequence occurred shortly before and during the 12.1–9.6 Ma
rhyolite eruptions associated with the early HLP province (e.g., Hooper et al., 2002;
Camp et al., 2003; Hooper et al., 2002). The Tims Peak Basalt is considered the oldest
known HAOT, and overall HAOTs have been described as younging westward towards
the Cascade volcanic arc and Newberry volcano (<4 Ma) (Hart et al., 1984; Christiansen
et al., 2002; Camp and Ross, 2004), though an age trend in HLP basalts is not well
established (Jordan et al., 2004). Streck and Grunder (2012) describe in detail how HLP
mafic volcanism <8 Ma is a product of prolonged differentiation of primitive HAOTs and
crustal contamination. Silicic volcanism of the HLP province displays a definitive
northwest-younging age progression (e.g., Walker, 1974; MacLeod et al., 1976; McKee
and Walker, 1976; Jordan et al., 2004; Ford et al., 2013) paralleling the northwesttrending Brothers Fault Zone (Jordan et al., 2002; 2004). Of the three pulses of post-17.5
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Ma rhyolite volcanism in eastern Oregon, the second (12.1–9.6 Ma) and third (~9.0–5.1
Ma) episodes are associated with the HLP.
Rhyolites of bimodal provinces have unique geochemical and petrographic
characteristics. These rhyolites are commonly geochemically associated with A-type, or
“hot and dry” granites (Hart et al., 1984), and they tend to be metaluminous to mildly
peralkaline (e.g., Eby, 1990; Frost et al., 2001). These rhyolites typically contain Fe-rich
ferromagnesian silicates and either Na-sanidine or anorthoclase (Honjo et al., 1992;
Streck and Grunder, 2008). Bimodal system rhyolites tend to be higher in FeO* and
Fe*/Mg contents as compared to rhyolites associated with calc-alkaline settings, (Eby,
1990; Frost et al., 2001). Deering and Bachman (2010) describe Eu/Eu*, Zr, Zr/Hf, and
Ba as useful parameters in determining whether a rhyolite is associated with a tholeiitic
(reduced) or a calc-alkaline (oxidized) system, stating that zircon will often begin
crystallizing at lower temperatures in wet magmas as compared to dry magmas, and calcalkaline rhyolites can be highly evolved and still have high Ba concentration due to
suppression of alkali feldspar crystallization.
Numerous studies have produced detailed geochemical data for HLP and coCRBG rhyolites, whose compositions mostly parallel characteristic rhyolites of bimodal
provinces (e.g., Streck and Grunder, 1999, 2008; Ford et al., 2013; Hess, 2014; Streck et
al., 2015; Large, 2016; Webb et al., 2018) (Fig. 2.2). The majority of HLP rhyolites are
high-silica, aphyric to sparsely phyric, and contain Na-sanidine and anorthoclase, while
lesser common, lower silica rhyolites possess up to 10% phenocrysts and can contain
plagioclase (Linneman and Myers, 1990; MacLean 1994; Streck and Grunder, 1997;
Johnson and Grunder, 2000; Streck and Grunder, 2008). Trace element compositional
70

variations, however, are extraordinary among individual rhyolites of both provinces and
within individual eruptive units. Significant variations both inter-unit and intra-unit are
most notable in Nb, Zr, Ba, Eu/Eu*, and FeO* concentrations among both more and less
evolved rhyolites (e.g., Streck and Grunder, 2008) (Fig. 2.2). An example of two
rhyolites of significantly differing whole rock composition are the Black Butte rhyolite
(Eu/Eu* of 0.34; 76 ppm Ba; 1.38 wt.% FeO*; Hess, 2014) that is adjacent to the much
less evolved Upper Littlefield rhyolite (average Eu/Eu* of 0.76; 1743 ppm Ba; 5.14 wt.%
FeO*; Webb et al., 2018). Adjacent rhyolites of the same rhyolite eruptive episode (but
not the same eruptive unit) can be of different Types (c.f., Whalen et al., 1987) (Fig. 2.2).
Some A-type rhyolites with anhydrous mafic minerals such as pyroxene ± fayalite and
elevated high field strength elements (HFSEs) (Zr + Y + Nb + Ce > 350 ppm) can be
relatively proximal to I-type rhyolites with hydrous mafic minerals such as amphibole +
biotite and relatively low abundances of HFSEs (Zr + Y + Nb + Ce < 350 ppm) (Young,
2020). For example, the A-type Wildcat Creek Tuff is only ~20 km away from the I-type
Swamp Creek rhyolite, both of which erupted within the first regional eruptive episode
(17.5–14.4 Ma). Because A-type and I-type rhyolites are interpreted as being sourced
from magmas of different volcanic settings (A-type being sourced from hot and dry
magmas of bimodal or flood basalt provinces and I-type being sourced from cooler,
wetter, calc-alkaline magmas of volcanic arcs), eastern Oregon’s abundance of both
rhyolite types is a topic of particular interest that has yet to be fully understood. Rhyolites
of the same eruptive center may also have two different feldspar compositions. For
example, one rhyolite unit of the Buchanan Complex eruptive center contains sanidine
and another rhyolite of the same eruptive center contains plagioclase (Young, 2020).
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Streck and Grunder (2008) attributed geochemical variability to 1) the rhyolites
undergoing varying degrees of differentiation, 2) rhyolites reaching different degrees of
differentiation through different ‘paths’ or sequences, and 3) high-silica rhyolites being
products of different, relatively less evolved, parent rhyolites. However, petrogenesis of
HLP and co-CRBG rhyolites remained unclear with numerous regional eruptive centers
yet to be geochemically analyzed, particularly those within the region where the HLP and
co-CRBG provinces geographically overlap. δ18O values of rhyolites have been used in
previous studies to assess from which type of crust (by degree of hydrothermal alteration
prior to melting) Snake River rhyolites could be sourced (Boroughs et al., 2005). Prior to
this study, oxygen isotope data only existed for several rhyolites in the study area such as
the Littlefield rhyolites, Black Butte, Visher Creek, Circle Bar, Swamp Creek, (Hess,
2014; Colón et al. 2015) and rhyolites of the Mahogany–Three Fingers caldera system
(Jackson, 2021).
The recent geochronological data presented is Chapter 1 support a model for post17.5 Ma rhyolite volcanism of eastern Oregon that is strongly correlated to (1) the timing
of mantle upwelling, basalt generation, and coeval basaltic eruptions and (2)
contemporaneous regional tectonic activity. They concur with previous workers stating
that the first episode of co-CRBG rhyolite volcanism is primarily driven by the mantle
upwelling associated with the CRBG flood basalts (e.g., Camp et al., 2003). They
describe the second episode as a result of regional crust weakened by CRBG volcanism
experiencing continued Northwest Basin and Range extension and peak clockwise arc
rotation rates (e.g., Wells and McCaffrey, 2013). They explain that the third episode
coincides with initiation of the Brothers Fault Zone (e.g., Ford et al., 213) and occurred
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within lithosphere less affected by earlier CRBG volcanism. However, of the ~50 rhyolite
eruptive centers in the area where co-CRBG and HLP provinces overlap (44–43 °N, 119–
117 °W) (Fig. 2.1), only 24 had been subject to detailed geochemical analysis. We
conduct detailed geochemical and petrological analysis on 21 unanalyzed or minimally
analyzed rhyolites within the study area, and we use these data to assess the validity of
existing models for rhyolite petrogenesis and volcanism in the HLP and co-CRBG
provinces. Several studies have published geochemical data on rhyolites in the region like
Circle Bar (Camp et al., 2003; Hess, 2014), South Fork (Camp et al., 2003), Stockade
Mountain (Hess, 2014), and Jackson (2021). These studies have either only analyzed one
to two samples from a particular eruptive center, or they did not publish the full suite of
minor and trace elements, oxygen isotope data, and/or petrologic data required to
understand regional rhyolite petrogenesis. Thus, we collected additional samples from
these few eruptive centers for analysis in this study. Special focus is given to finding
evidence for the occurrence of Fe-rich A-type rhyolites being dictated by presence of
tholeiitic basaltic magmas and relating partial melting processes with different residue
minerals as possible explanation for exerting considerable control on compositional
variability among rhyolites.
METHODS
Field work and sample collection
Fresh or minimally altered rhyolite samples were collected from any accessible
rhyolite eruptive centers within the study region (44–43 °N, 119–117 °W) (Fig. 2.1).
Glassy samples and/or samples with abundant fresh phenocrysts were targets for sample
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collection for petrographic and geochemical analysis. Multiple samples from a single
eruptive center were collected if there were notable variations in mineral assemblage or
phenocryst abundance in hand sample.
Petrography and Geochemistry
Thin sections were prepared for petrographic analysis by Spectrum Petrographics
in Vancouver, WA. Each thin section was polished to microprobe quality finish and
photomicrographs were taken by Spectrum Petrographics. Detailed petrographic and
hand sample specimen descriptions were recorded for each sample.
Each standard polished section was carbon coated for backscattered electron
imaging and energy-dispersive spectroscopy (EDS) compositional analysis using the
Scanning Electron Microscope (SEM) at Portland State University (PSU). SEM analysis
provided major and minor element data from feldspar, pyroxene, biotite, amphibole,
zircon, apatite, and oxide crystals, as well as groundmass. Point analysis was conducted
on centers and rims of feldspar and pyroxene phenocrysts to identify compositional
heterogeneities within individual grains.
Major and trace element analysis of bulk rock samples was conducted at the Peter
Hooper GeoAnalytical Lab at Washington State University (WSU) using a Thermo-ARL
Advant’XP automated X-ray fluorescence spectrometer (XRF), and an Agilent 7700
inductively coupled plasma mass spectrometer (ICP-MS). Samples were prepared
following the standard analytical procedures utilized by the laboratory at WSU. Samples
were crushed into chips using PSU’s Braun Chipmunk jaw crusher. Grains with
weathered surfaces were hand-picked from the rock chips. The chips were powdered in a
tungsten carbide shatterbox. A 2:1 dilithium tetraborate flux was added to powder from
74

each sample, and these sample-flux mixtures were fused into glass beads at 1000°C.
These beads were powdered a second time in the shatterbox and fuzed again for XRF
analysis. Some of the re-ground powder was dissolved for ICP-MS analysis.
Oxygen Isotopes
Feldspar and quartz crystals were targets for δ18O isotope analysis to provide
insight into the composition of the crust that may have been involved in generating
regional rhyolites. Samples were crushed and sieved to separate the fractions with the
largest whole crystals, which was between 840–250 nm. The first step to isolating
feldspar and quartz crystals was to pass the sediment fraction through the Frantz
magnetic separator at Oregon State University. Non-magnetic fractions were subject to
15% HF leeching to remove attached groundmass and/or inclusions from the crystals.
Oxygen isotopes were then measured at the University of Oregon via an integrated CO2
laser. δ18O values of felsic minerals were converted to bulk rock δ18O values, or δ18O
magma, using equations from Bindemann et al. (2004).
Geothermometry
Various geothermometers were used to estimate storage temperatures for each
rhyolite. Petrographic thin section analysis and SEM analysis determined which
geothermometers were appropriate for each sample. The Putirka (2008) plagioclaseliquid (24a) and alkali feldspar-liquid (24b) geothermometers use both feldspar
phenocryst compositions and bulk rock compositions. The zircon saturation
geothermometer from Watson and Harrison (1983) uses bulk rock data. The minimum
temperature is reported if zircon is present, and the maximum temperature is reported if
zircon is absent or its presence is unknown.
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RESULTS
Devitrified and glassy samples were found at nearly all eruptive centers, except
for a few centers such as the Unidentified Flow #1, Mustang Butte, and Saddle Butte,
where only devitrified material was found. Rhyolites range from aphyric like the
devitrified Dome East of South Fork to containing up to 25% total phenocrysts like the
glassy Star Mountain rhyolite (Fig. 2.3). See Appendix 2.A for full lithological and
petrographic descriptions, as well as sample coordinates, for all samples from this study.
Rhyolites analyzed in this study range from low- to high-silica rhyolites with
70.0–79.1 wt.% SiO2 and 0.15–4.08 wt.% FeO*. Rhyolites have a range of Ba from 3–
2156 ppm, Zr from 78–935 ppm, and Eu/Eu* from 0.019–0.911. See Appendix 2.B for
full XRF and ICP-MS geochemical data for all samples.
Trends with respect to age and rhyolite eruptive episode
There are few distinguishing characteristics between rhyolites of different
eruptive episodes (Fig. 2.4). Of the 21 samples analyzed, three are from the first eruptive
episode (Episode 1), 17 are from the second eruptive episode (Episode 2), and one is
from the third eruptive episode (Episode 3). There are no sampled Episode 1 rhyolites
that would be considered highly differentiated (Eu/Eu* < 0.15; Ba < 100 ppm; Sr < 500
ppm). Both Episode 1 rhyolites have a Eu/Eu* > 0.3, Ba > 600 ppm, and SiO2 > 76 wt.%.
The only Episode 3 rhyolite analyzed in this study, North of Drewsey, has the highest
SiO2 content of 79.2 wt.%, which is likely slightly enriched due to post-emplacement
addition of silica or alteration. A-type to I-type Episode 1 rhyolites lie close to the typeboundary (Zr + Ce + Nb + Y = 350 ppm). Dry Creek is an example of a weakly A-type
rhyolite of Episode 1, and Birch Creek is an example of a Borderline to weakly I-type
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rhyolite of Episode 1. North of Drewsey is I-type, and Episode 2 rhyolites are a range of
both A-type and I-type rhyolites. Some A-type rhyolites of Episode 2 include Saddle
Butte, Sacramento Butte, and Unidentified Flow #1, and some I-type Episode 2 rhyolites
include Unidentified Flow #1, Stockade Mountain proper, and Circle Bar. Episode 1
rhyolites have broadly lower calculated δ18O magma than Episode 2 rhyolites (Fig. 2.5).
Episode 1 rhyolites range from ~5–7 ‰ δ18O and Episode 2 rhyolites range from ~6–8 ‰
δ18O. Dry Creek (4.508 ‰) and Iron Point (5.879 ‰) are the only rhyolites analyzed that
have a δ18O magma < 6 ‰, and they were emplaced east of 118 °W (Fig. 2.5). The rest of
the rhyolites have δ18O magma values 6–8 ‰, and they were emplaced west of 118 °W.
Birch Creek (6.785 ‰) is the only Episode 1 rhyolite with a δ18O magma > 6 ‰.
Trends among A-type, Borderline-type, and I-type rhyolites
Of the 21 samples analyzed, 11 are A-type, three are Borderline-type, and seven
are I-type. Rhyolites of each chemical affinity (A-type, Borderline-type, or I-type) have
several commonalities in bulk compositions and mineral assemblages. However, the
established compositional differences between the Types calls for compositional trends to
be assessed among rhyolites of the same Type rather than among all rhyolites.
Bulk rock and oxygen isotope compositions
The 11 A-type rhyolites analyzed in this study range from 70.8–78.8 wt.% SiO2
and 0.8–4.1 wt.% FeO* (Fig. 2.6). A-type rhyolites contain 9–2200 ppm Ba, 3–179 ppm
Sr, and 16–101 ppm Nb. The Devine Canyon Tuff has exceptionally high Zr content
(936–1035 ppm Zr) compared to other A-type rhyolites with 107–653 ppm Zr. Eu/Eu*
for A-type rhyolites range from 0.1 to 0.60. δ18O magma values calculated from feldspar
and quartz crystals range from 4.5–7.7 ‰.
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The three Borderline-type rhyolites analyzed in this study range from 75.1–77.7
wt.% SiO2 and 1.1–1.9 wt.% FeO* (Fig. 2.6). Borderline-type rhyolites contain 3–558
ppm Ba, 3–74 ppm Sr, 137–211 ppm Zr, and 18–62 ppm Nb. Eu/Eu* for Borderline-type
rhyolites range from 0.20 to 0.30. δ18O magma values calculated from feldspar and quartz
crystals range from 6.9–7.5 ‰.
The seven I-type rhyolites analyzed in this study range from 72.6–79.2 wt.% SiO2
(Fig. 2.6). Other than the highly weathered Unidentified Flow #2 with 4.4 wt.% FeO*, all
I-type rhyolites contain 0.2–2.3 wt.% FeO*. I-type rhyolites contain 16–1955 ppm Ba, 8–
302 ppm Sr, 72–209 ppm Zr, and 6–45 ppm Nb. Eu/Eu* for I-type rhyolites range from
0.04 to 0.91. δ18O magma values calculated from feldspar and quartz crystals range from
6.8–9.2 ‰.
Primary mineral assemblages and phase compositions
See Figure 2.7 for feldspar ternary diagrams and Figure 2.8 for pyroxene ternary
diagrams. See Appendix 2.A for phase types, phase abundances, and An% and Or% for
feldspars analyzed.
All A-type rhyolites analyzed in this study have one feldspar phase, except
Stockade Mountain south, which has sanidine and trace anorthoclase. Feldspar phases
include andesine, anorthoclase, and sanidine. No A-type rhyolites contain hydrous mafic
silicates (e.g., biotite, amphibole). Five of the total 11 A-type rhyolites appear to have no
mafic silicates. Seven of the 11 A-type rhyolites contain at least one population of
pyroxene, Star Mountain being the only of which that contains both clinopyroxene
(augite) and orthopyroxene (ferrosilite). A-type rhyolites typically contain Fe-rich
pyroxenes, except for Unidentified Flow #1 and Stockade Mountain, which contain
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diopside. Saddle Butte and the Devine Canyon Tuff are the only A-type rhyolites that
contain fayalite. The average Or% of feldspars within these A-type rhyolites is ~47%.
The A-type Black Butte was the only sample found to contain feldspars with two
prominent center and rim compositions. Feldspars from Black Butte sample VS19-106
possess centers of sanidine (~Or50) and rims of anorthoclase (~Or15).
The three Borderline-type rhyolites (the Dome North of Iron Point, the Dome
South of Visher Creek, and the Domes North of Stockade Mountain) have between 2–7
% total phenocrysts, and all contain quartz. Feldspar phases include andesine, oligoclase,
and sanidine. The Dome North of Iron Point is the only Borderline-type that contains two
pyroxenes (augite and hypersthene-ferrosilite), biotite, and amphibole. The Dome North
of Iron Point is the only Borderline-type that contains fayalite. The average Or% of
feldspars within these Borderline-type rhyolites is ~57%.
All I-type rhyolites analyzed in this study contain one feldspar phase, except for
Circle Bar and Stockade Mountain proper, which contain both alkali feldspar and
plagioclase. All I-type rhyolites contain hydrous mafic silicates (biotite ± amphibole)
except Stockade Mountain proper and North of Drewsey, which appear to contain no
mafic silicates. All amphibole crystals are fresh and euhedral to nearly euhedral. There
are no I-type rhyolites that contain anhydrous mafic silicates like pyroxenes and fayalite.
The average Or% of feldspars within these I-type rhyolites is ~60%.
Calculated storage temperatures
Overall, calculated zircon-saturation and feldspar-liquid storage temperatures
range from 742–830 °C. The A-type Saddle Butte (905 °C) and Star Mountain (903–856
°C) rhyolites have the highest overall average storage temperatures calculated with the
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feldspar-liquid geothermometer. The A-type Stockade Mountain has the lowest overall
average storage temperature of 700 °C calculated with the feldspar-liquid
geothermometer. The average zircon-saturation temperature and feldspar-liquid
temperature for A-type rhyolites are 830 °C and 823 °C, respectively. The average
zircon-saturation temperature and feldspar-liquid temperature for Borderline-type
rhyolites are 791 °C and 797 °C, respectively. The average zircon-saturation temperature
and feldspar-liquid temperature for I-type rhyolites are 742 °C and 810 °C, respectively.
DISCUSSION
Adding new data to the comprehensive geochemical dataset of regional rhyolites
After adding new data to the compilation of all existing geochemical data in the
study area, there are a total of 48 distinct eruptive centers that have been geochemically
analyzed. See Appendix 2.C for sources of all previous geochemical and oxygen isotope
data referenced in this study.
Trends with respect to age and eruptive episode
There does not appear to be any significant trends when analyzing rhyolite
compositions among the three eruptive Episodes (Fig. 2.10). Rhyolites of Episodes 1 and
2 range from low- to high-silica rhyolites, and Episode 3 rhyolites are all considered
high-silica rhyolites. There are no rhyolites of Episode 1 or Episode 3 that have an
Eu/Eu* < 0.16, though rhyolites of Episodes 1 and 2 range widely with respect to Eu/Eu*
and Ba. Rhyolites of Episode 1 contain greater concentrations of Zr, and this
compositional difference between Episode 1 and 2 rhyolites is particularly notable when
plotting Zr versus Nb. Rhyolites of all three Episodes range from strongly A-type to
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strongly I-type. Overall, δ18O magma of rhyolites of Episodes 1 and 2 range from ~3–10
‰, but Episode 2 rhyolites have a smaller range of ~5–9 ‰ (Fig. 2.11).
Trends among the most and least evolved rhyolites
Still considering rhyolites with Eu/Eu* < 0.16 as the most evolved and rhyolites
with a Eu/Eu* > 0.6 as the least evolved, trends among the most and least evolved
rhyolites become more pronounced when comparing all regional rhyolites (Fig. 2.12).
The most evolved rhyolites have more Nb, lower Zr/Nb, lower Zr/Hf, less Ba, and less
TiO2 overall than the least evolved rhyolites. There does not appear to be an association
between degree of feldspar fractionation (as tracked by lower Ba, Sr and lower Eu/Eu*)
and Type or total phenocryst abundance. The least evolved rhyolites have a wide range of
FeO* and TiO2 content (~0.5–6.0 wt.% and ~0.7–0.85 wt.%, respectively), and the least
evolved rhyolites have a smaller range of ~0.5–3.4 wt.% FeO* and 0.02–0.25 wt.% TiO2.
The least evolved rhyolites have ~5–42 ppm Nb and the most evolved rhyolites have
~10–100 ppm Nb. The lack of correlation between Ba and total phenocryst abundance
implies that the absence or presence of alkali feldspar as primary phenocryst is not
dictating the Ba and Sr bulk composition. There are both highly differentiated and
relatively less evolved rhyolites that contain 15% total phenocrysts as well as with <1%
total phenocrysts.
Oxygen isotope trends
The 30 total rhyolites with reported δ18O data have δ18O magma values ranging
from ~3–10 ‰, indicating multiple different processes potentially involved in rhyolite
petrogenesis. Five rhyolites have a δ18O magma that is considered “normal” (δ18O ~ 5.8–
6.5 ‰; Bindeman, 2008), or an expected δ18O from fractionation of a mafic to
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intermediate magma (Fig. 2.13). A normal δ18O can also result from partial melting
and/or assimilation of normal δ18O crust. These five normal δ18O rhyolites are Iron Point,
Bannock Ridge, McEwen Butte, the Mahogany Mountain rhyolites, and the Three
Fingers rhyolites. Six low-δ18O rhyolites (δ18O ~ 3.0–5.0 ‰) include Lower Littlefield,
Upper Littlefield, McCain Creek, Dry Creek, McIntyre Ridge, and the Succor Creek
Tuff. Low-δ18O rhyolites can result from partial melting or assimilation of low-δ18O
crust, particularly at high temperatures that would inhibit small isotope fractionation
(Bindeman, 2008). A total of 19 rhyolites are considered high-δ18O, with a range of δ18O
magma from 6.5–10.2 ‰). Dooley Mountain (10.2 ‰), Jump Creek (8.7 ‰), Unity (8.4–
6.8 ‰), the Strawberry rhyolites (7.9–6.7 ‰), Saddle Butte (7.5 ‰), and the Domes
North of Stockade Mountain (7.4 ‰) have the highest δ18O magma. High-δ18O rhyolites
can result from partial melting or assimilation of high-δ18O crust (Bindeman, 2008). The
eight most fractionated rhyolites (Eu/Eu* < 0.16) have a range of δ18O magma from 4.9–
7.7 ‰. Sacramento Butte is the only highly fractionated low-δ18O rhyolite (4.9–5.6 ‰),
and Iron Point is the only highly fractionated normal δ18O rhyolite (5.9–6.4 ‰).
Trends among A-type, Borderline-type, and I-type rhyolites
Of the 48 total rhyolite eruptive centers, 25 are A-type (52%), seven are
Borderline-type (15%), and 16 are I-type (%). Because the Type classification is based on
the total concentrations of Zr, Nb, Ce, and Y in bulk compositions, one would expect to
observe a chemical distinction when plotting Types by any of these elements (Fig. 2.14).
There are no significant trends when comparing Eu/Eu*, Ba, FeO*, SiO2, and La/Yb (C1
normalized) among each Type. However, as mentioned in previous studies, I-type
rhyolites have lower FeO* at a given SiO2 compared to A-type rhyolites (Fig. 2.14). A82

type and I-type rhyolites do not appear to have distinctive δ18O magma compositions, but
all rhyolites considered low-δ18O (<6 ‰) are A-type (Fig. 2.14).
Broad spatial trends
There are several trends of note when comparing all geochemical, oxygen isotope,
and temperature data from a geographic perspective (Fig. 2.15). All eruptive centers east
of 118 °W are A-type, except for the I-type Birch Creek and Dam Rhyolite and the
Borderline-type Dome North of Iron Point. All three rhyolite Types exist west of 118 °W,
including seven A-type, six Borderline-type, and 15 I-type. A broad trend in δ18O magma
of rhyolites in the study region is less definitive (Fig. 2.15). However, all rhyolites with
the lowest δ18O magma (<5 ‰) are east of 118 °W. All rhyolites east of 118 °W possess
δ18O magma values in the lower range (~3–7 ‰) with respect to all regional rhyolites,
except for Jump Creek, Saddle Butte, Mustang Butte, Stockade Mountain south, and one
of the Dinner Creek Tuffs. The range of δ18O magma west of 118 °W is slightly smaller,
ranging from ~5–8 ‰. All rhyolites west of 118 °W have δ18O magma between ~6 ‰
and 8 ‰, except for the rhyolites of the Buchanan Complex and two Devine Canyon
samples, which possess δ18O magma values ~5–6 ‰.
Localized trends
To assess geochemical trends that may exist locally within the study region, we
place rhyolite eruptive centers into five sub-regions or “areas” based on proximity (Fig.
2.16). One eruptive center may be included in two different areas if it is relatively close
to eruptive centers in multiple different directions.
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Saddle Butte area
The Saddle Butte area includes Dowell Butte, Saddle Butte, Sacramento Butte,
Mustang Butte, Iron Point, the Dome North of Iron Point, Stockade Mountain south, and
Birch Creek (Fig. 2.17). Geochemical and petrologic data of Dowell Butte is from
Johnson and Grunder (2000) and some of Birch Creek is from Jackson (2021). All
centers are of eruptive Episode 2, except for Birch Creek of Episode 1. The precise age of
Dowell Butte is unknown, but its correlation to the Duck Butte Eruptive Complex
suggests it is part of Episode 2 (Johnson and Grunder, 2000). Dowell Butte, Mustang
Butte, Iron Point, Stockade Mountain south, and Sacramento Butte are all highly
fractionated with respect to Eu/Eu* (< 0.1) and Ba (<150 ppm). Birch Creek is the least
fractionated with an Eu/Eu* of ~0.6 and ~1250 ppm Ba. Centers in this region display a
wide range of Nb, Zr, FeO*, and SiO2 content. Saddle Butte, Stockade Mountain south,
Iron Point, and Sacramento are A-type, and The Dome North of Iron Point is Borderlinetype. Birch Creek, Dowell Butte, and Mustang Butte are I-type. Of the eight eruptive
centers in this area, four are known to contain pyroxene (Fig. 2.8), and all but the I-type
Mustang Butte are A-type. Birch Creek is the only sample that contains solely
plagioclase, whereas the rest of the rhyolites contain solely alkali feldspar or one
population of alkali feldspar and one population of plagioclase like the Dome North of
Iron Point (Fig. 2.7). Johnson and Grunder (2000) describe Dowell Butte as crystal-poor.
Birch Creek and the Dome North if Iron Point are the only samples known to contain
hydrous mafic silicates of both biotite and amphibole. Calculated average storage
temperatures vary widely for rhyolites in this area, ranging from 895 °C (Saddle Butte) to
762 °C (Iron Point) (Fig. 2.9). There is an overall westward increase of δ18O magma in
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this area. It should be noted that Mustang Butte and Dowell Butte display striking
compositional similarity. Similar geochemical signatures and the proximity of these two
rhyolites (< 4 km apart) suggests Mustang Butte, like Dowell Butte, may be correlated to
the Duck Butte Eruptive Complex.
South Fork area
The South Fork area includes Dowell Butte, Duck Butte, Indian Creek Butte, the
Dome East of South Fork, South Fork, Unidentified Flow #1, Unidentified Flow #2,
Circle Bar, Swamp Creek, and the Devine Canyon Tuff (Fig. 2.16). Geochemical and
petrographic data of Dowell Butte, Indian Creek Butte, and Duck Butte are from Johnson
and Grunder (2000), Swamp Creek, Devine Canyon, and some of Circle Bar is from Hess
(2014), and some of Circle Bar and some of South Fork is from Camp et al. (2003).
Despite the widespread nature of the Devine Canyon Tuff throughout the study region, it
is only included in this area because of the proposed location of its eruptive center ~15
km west of Circle Bar (Fig. 2.16). Seven of the eruptive centers are of eruptive Episode 2,
Swamp Creek and the Dome E of South Fork are of Episode 1, and Dowell Butte is likely
also part of Episode 2. The most evolved samples have an Eu/Eu* of ~0.2 and <150 ppm
Ba, including South Fork, Unidentified Flow #1, and the Devine Canyon Tuff, all of
which are of eruptive Episode 2 (Fig. 2.18). Circle Bar and Swamp Creek are
intermediate with respect to fractionation (Eu/Eu* ~0.5, Ba ~ 500–1000 ppm). The Dome
East of South Fork would be considered highly primitive with respect to feldspar
fractionation with an Eu/Eu* of 0.8 and ~1900 ppm Ba. There are no discernible trends
with respect to age and Nb, Zr, or FeO* content, though the majority of the centers in this
area have relatively low Zr (<300 ppm). Unidentified Flow #1 and the Devine Canyon
85

Tuff are the only rhyolites in the area that have >400 ppm Zr. All eruptive centers in this
area are I-type except for the Borderline-type Indian Creek Butte and Duck Butte and the
A-type Unidentified Flow #1 and Devine Canyon Tuff. South Fork, Circle Bar, and Duck
Butte are the only rhyolites in the area with biotite, Unidentified Flow #1 and the Devine
Canyon Tuff are the only centers with pyroxene, and the Devine Canyon Tuff is the only
center with fayalite. Young (2020) found amphibole in a sample from Circle Bar, but
only biotite was found in Circle Bar samples of this study. Indian Creek Butte also
contains amphibole. All centers in this area contain alkali feldspar, except Duck Butte
which contains only plagioclase and the aphyric Dowell Butte (Fig. 2.7). Indian Creek
Butte, Circle Bar, and one crystal-rich sample from South Fork both alkali feldspar and
plagioclase. Unidentified Flow #2 was a highly altered, red-stained, nearly-aphyric
rhyolite autobreccia. The high degree of weathering of Unidentified Flow #2 may explain
why it possesses such a high Eu/Eu* of 0.9, high FeO* of ~4.5 wt.%, high SiO2 of 77
wt.%, and intermediate Ba content of ~600 ppm. The other sample from South Fork, a
glassy, flow banded, crystal poor rhyolite, contains ≤ An10 plagioclase. Calculated
average storage temperatures in this area range from 774 °C (South Fork) to 841 °C
(Unidentified Flow #1) (Fig. 2.9). These lower temperatures compared to other regions
aligns with the abundance of I-type (cool and wet) rhyolites in this area. δ18O magma
values in this area range from ~5–8 ‰, with the Devine Canyon Tuff having the lowest
δ18O magma of 5.4 ‰ and Circle Bar having the highest δ18O magma of 7.9 ‰.
Star Mountain area
Rhyolites of the Stockade Mountain area include Stockade Mountain south,
Stockade Mountain proper, Stockade Mountain, Star Mountain, Visher Creek, McEwen
86

Butte, the Domes North of Stockade Mountain, the Dome South of Visher Creek, Upper
Littlefield, Lower Littlefield, Dry Creek, the Dinner Creek Tuffs, and the Wildcat Creek
Tuff (Fig. 2.16). Geochemical and petrographic data of Visher Creek is from Camp et al.
(2003), one sample from Stockade Mountain south is from Hess (2014), McEwen Butte
of from Camp et al. (2003) and Hess (2014), Upper and Lower Littlefield is from Webb
et al. (2018), the Wildcat Creek Tuff is from Sales (2018), and the Dinner Creek Tuffs is
from Streck et al. (2015). Though the Upper and Lower Littlefield rhyolites appear distal
compared to other rhyolites grouped into this area, they are included because these
rhyolites are widespread, low-aspect ratio flows whose proposed eruptive centers are
relatively proximal to centers such as Star Mountain, Dry Creek, and the Domes North of
Stockade Mountain (Webb et al., 2018). Eight of the 13 total rhyolites are of Episode 2,
and five are of Episode 1 (Fig. 2.19). The most evolved centers in this region (Eu/Eu* <
0.17; Ba < 100 ppm) are the Dome South of Visher Creek, the Domes North of Stockade
Mountain, Visher Creek, Stockade Mountain south, and Stockade Mountain, all of which
are of Episode 2. The least evolved centers in this area (Eu/Eu* ~0.4–0.9; Ba ~600–2000
ppm) include Upper Littlefield, Lower Littlefield, the Dinner Creek Tuffs, and Wildcat
Creek Tuff of Episode 1, and Star Mountain and McEwen Butte of Episode 2. Dry Creek
and Stockade Mountain proper would be considered intermediate with respect to degree
of feldspar fractionation. Episode 1 rhyolites in this area also have the highest FeO*
content, and they are all A-type rhyolites. Throughout this area, there are eight A-type,
four Borderline-type, and one I-type rhyolite. All A-type rhyolites in this area include
Upper Littlefield, Lower Littlefield, Dry Creek, the Wildcat Creek Tuff, the Dinner Creek
Tuff, Stockade Mountain south, Stockade Mountain, and Star Mountain. McEwen Butte,
87

Visher Creek, the Domes North of Stockade Mountain, and the Dome South of Visher
Creek are Borderline-type rhyolites. Stockade Mountain proper is the only I-type rhyolite
in this area. Star Mountain, Upper and Lower Littlefield, and Dinner Creek Tuffs 1 and 2
are the only rhyolites in this region with some samples containing solely plagioclase.
Other rhyolites in this region contain one to two populations of alkali feldspar like Dry
Creek, Stockade Mountain, Dome South of Visher Creek, and Stockade Mountain south).
Other rhyolites contain both alkali feldspar and plagioclase such as one Star Mountain
sample, Stockade Mountain proper, and the Domes North of Stockade Mountain, and the
Wildcat Creek Tuff (Sales, 2018). Star Mountain, the Domes North of Stockade
Mountain, Upper Littlefield, Lower Littlefield, Dry Creek, and the Wildcat Creek Tuff
possess mafic silicates, all of which are anhydrous (Fig. 2.8). Star Mountain, Dry Creek,
the Wildcat Creek Tuff, Upper Littlefield, and Lower Littlefield possess pyroxene.
Domes North of Stockade Mountain and Upper Littlefield contain fayalite. Rhyolites in
closest proximity to Star Mountain (Stockade Mountain, Stockade Mountain south,
Stockade Mountain proper, the Dome North of Visher Creek, the Domes South of
Stockade Mountain, Visher Creek, McEwen Butte, and the Wildcat Creek Tuff) have a
relatively small range of δ18O magma from ~6–8 ‰. The δ18O magma of 7.1 ‰ from a
Dinner Creek Tuff 1 sample collected near the Upper and Lower Littlefield samples also
falls within this range. Upper Littlefield, Lower Littlefield, and Dry Creek have δ18O
magma values between 3–5 ‰ and Star Mountain has a δ18O magma value of ~7.0 ‰.
The Domes North of Stockade Mountain, Dome South of Visher Creek, Stockade
Mountain, Stockade Mountain south, and Stockade Mountain proper all have storage
temperatures between 775 °C and 800 °C. Star Mountain samples have higher storage
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temperatures between 848 °C and 872 °C, similar to Dry Creek with a storage
temperature of 845 °C. The eruption temperatures of the Upper and Lower Littlefield
Rhyolites are postulated to be ~900 °C (Webb et al., 2018). It should be noted that Star
Mountain displays a compositional array that (1) implies internal heterogeneity in the
single eruptive center and (2) looks like a potential continuation of a fractionation trend
from the Lower Littlefield rhyolite. The 10.7 ± 0.1 Ma McEwen Butte rhyolite falls
within error of the 10.7 ± 0.02 Ma Star Mountain rhyolite, and McEwen Butte
consistently falls at the most fractionated end of the array of Star Mountain compositions.
These age and compositional trends suggest that McEwen Butte and Star Mountain may
be petrogenetically related, possibly from the same eruptive center and eruptive event.
Buchanan area
Rhyolites in the Buchanan area are Griffen Creek, Craft Point North of Drewsey,
South of Drewsey, Black Butte, Beulah Reservoir, Donnelly Butte, rhyolites of the
Buchanan Complex, the Dome West of Idlewild, and the Dinner Creek Tuff (Fig. 2.16).
Geochemical and petrographic data of South of Drewsey, one North of Drewsey sample,
Beulah Reservoir, Donnelly Butte, one sample from Black Butte are from Hess (2014),
one sample from the Buchanan Complex if from Hess (2014) with all others from Large
(2016), and Dinner Creek Tuff is from Streck et al. (2015). Dooley Mountain is outside
of the study area, approximately 60 km north of Craft Point, so it is not considered
proximal enough to be included in this area. This area contains rhyolites of all three
eruptive Episodes: four from Episode 1, two from Episode 2, two from Episode 3, and the
undated rhyolites of Craft Point and the Dome West of Idlewild (Fig. 2.20). All of the
least evolved rhyolites (Eu/Eu* > 0.4; Ba > 1000 ppm) are of Episode 1, including
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Beulah Reservoir, rhyolites of the Buchanan Complex, Donnelly Butte, and the Dinner
Creek Tuffs. There is a stark difference in the degree of fractionation between these
relatively primitive rhyolites and the other rhyolites in the area like the Dome West of
Idlewild, North of Drewsey, South of Drewsey, Black Butte, and Griffen Creek. Griffen
Creek is the only non-Episode 1 rhyolite that is within the least fractionated population in
this area, with an Eu/Eu* of 0.7 and Ba content of 1500 ppm. The highly fractionated
rhyolites have an Eu/Eu* < 0.4, Ba < 200 ppm, and Sr < 40 ppm. Black Butte has a
notably higher Nb content (~50 ppm) compared to all other rhyolites in the area with < 25
ppm Nb. Seven of the nine total rhyolites in this area are I-type. Black Butte and the
Dinner Creek Tuff are the only A-type rhyolites. We found North of Drewsey to contain
both alkali feldspar and plagioclase, but Hess (2014) found only plagioclase. South of
Drewsey, Donnelly Butte, and some samples from the Buchanan Complex possess only
plagioclase, but Young (2020) also found one sample from the Buchanan Complex to
contain only alkali feldspar. Black Butte is the only rhyolite in the study area known to
have distinctly compositionally zoned feldspars. North of Drewsey and South of Drewsey
did not contain any mafic silicates. The A-type Black Butte contains clinopyroxene and Itype Donnelly Butte contains biotite. Young (2020) found some samples from the
Buchanan Complex to contain only anhydrous mafic silicates (pyroxenes) and some to
contain only hydrous mafic silicates (biotite). Black Butte has a δ18O magma of ~7.0 ‰,
and the Buchanan Complex rhyolites have a δ18O magma of ~5.6 ‰. North of Drewsey
has a relatively low average storage temperature of 771 °C, and Black Butte has a higher
storage temperature of 825 °C.
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Mahogany Mountain area
The Mahogany Mountain area includes Birch Creek, Mahogany Mountain,
McIntyre Ridge, Devil’s Gate, McCain Creek, Bannock Ridge, Dam Rhyolite, Jump
Creek, and the Three Fingers rhyolites. Geochemical and petrographic data of Mahogany
Mountain, McCain Creek, Bannock Ridge, and some Birch Creek samples are from
Jackson (2021), Devil’s Gate, McIntyre Ridge, and the Dam Rhyolite are from Hess
(2014), Jump Creek is from Young (2020), and Three Fingers rhyolites is from Young
(2020) and Large (2016). Birch Creek is the only rhyolite analyzed in this study, and all
other data is from previous studies. See Appendix 2.C for the complete list of data
sources. All rhyolites in this area are of episode Episode 1, except for the Jump Creek
rhyolite of Episode 2. All rhyolites in this area are A-type, except for the I-type Dam
Rhyolite and Birch Creek. Rhyolites in this area mostly fall within the high-silica rhyolite
range, except for the Dam Rhyolite, Birch Creek, McCain Creek, Jump Creek, and the
Succor Creek Tuff with SiO2 contents ranging from ~73–74 wt.%. Rhyolites in this area
vary widely with respect to feldspar fractionation (Eu/Eu* ~0.1–0.7; Ba ~135–2100 ppm,
Sr ~5–250 ppm) and FeO* content (~0.6–3.6 wt.%), but as compared to rhyolites of the
entire region, none would be considered highly fractionated (Eu/Eu* < 0.16; Ba < 100
ppm) (Fig. 2.21). McIntyre Ridge, the Three Fingers rhyolites, and some Mahogany
Mountain rhyolites are among the most fractionated (Eu/Eu* ~0.1–0.3; Ba ~135–600
ppm). Birch Creek, Jump Creek, and the Dam Rhyolite are the only units in this area to
contain solely plagioclase. Bannock Ridge and the Mahogany Mountain rhyolites possess
both plagioclase and alkali feldspar. All other units contain solely alkali feldspar. Birch
Creek is the only unit known to contain hydrous mafic silicates (biotite and amphibole).
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Most units in this area contain anhydrous silicates (pyroxene), including Mahogany
Mountain, McCain Creek, Devil’s Gate, the Succor Creek Tuff, the Dam Rhyolite,
McIntyre Ridge, and the Three Fingers rhyolites. If excluding Birch Creek, McIntyre
Ridge and Devil’s Gate, there is an overall trend of increasing δ18O magma from west to
east in the Mahogany Mountain area (Fig. 2.15). McCain Creek and Succor Creek Tuff
samples relatively west are low-δ18O rhyolites with a δ18O magma of 3–5 ‰. Slightly
eastward, the analyzed Bannock Ridge and Three Fingers rhyolite samples produced a
slightly higher δ18O magma between 5 ‰ and 6 ‰. Farther eastward, the Mahogany
Mountain rhyolites possess normal δ18O magma values between 6 ‰ and 7 ‰, and
farthest east, the Jump Creek rhyolite has the second highest δ18O magma value in the
region of 8.7 ‰. Birch Creek has an average calculated storage temperature of 826 °C.
Rhyolites north of the study area
Rhyolites of Unity, Dooley Mountain, and the Strawberry volcanics were
emplaced north and northwest of the study area (Fig 2.1). They are included in rhyolite
eruptive Episode 1 and are thus important to include and consider when analyzing
compositional trends with respect to age and the localized trends of rhyolites in the
northern region of the study area. When assessing localized trends, we group rhyolites of
Strawberry Mountain, Dooley Mountain, Unity, Beulah Reservoir, Dinner Creek Tuff,
Lower Littlefield, Upper Littlefield, all of which were analyzed in previous studies. See
Appendix 2.C for full list of data sources. Of these six rhyolites, three are A-type (Lower
Littlefield, Upper Littlefield, and the Dinner Creek Tuff) and four are I-type (Unity,
Dooley Mountain, Beulah Reservoir, and the Strawberry rhyolites). It should be noted
that the Strawberry rhyolites are primarily I-type, but lesser A-type rhyolites are present
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within the suite. Rhyolites in this area have a wide range of FeO* and SiO2. Upper
Littlefield, Lower Littlefield, and Beulah Reservoir have relatively high FeO* (~3.5–6.0
wt.%) and low SiO2 (~71–73 wt.%). Dooley Mountain and the Strawberry rhyolite have
relatively low FeO* (~0.75–2.5 wt.%) and high SiO2 (~75–77 wt.%). There are no highly
fractionated rhyolites in this area (Eu/Eu* < 0.2; Ba < 200 ppm). Rhyolites in this area
have a range of Eu/Eu* from about 0.4–0.8 and of Ba from about 570–1900 ppm. Unity
samples have been found to contain either plagioclase and alkali feldspar or solely
plagioclase. Dooley Mountain, Beulah Reservoir, Upper Littlefield, Lower Littlefield,
and the Dinner Creek Tuffs contain only plagioclase. Upper Littlefield, Lower Littlefield,
and Dooley Mountain contain anhydrous mafic silicates (pyroxene). Unity, the
Strawberry rhyolites, and Beulah Reservoir are the only units that possess hydrous mafic
silicates, all of which are primarily I-type; Unity contains biotite ± amphibole, and
Beulah Reservoir and some of the Strawberry volcanics contain biotite. Lower Littlefield
and Upper Littlefield have the lowest known δ18O magma in the region of ~3.9 ‰, and
Dooley Mountain farther north has the highest δ18O magma in the region of ~10.2 ‰.
The Dinner Creek Tuffs have a δ18O magma of 7.5–7.8 ‰.
Rhyolites of bimodal provinces
Geochemical data presented in this study for rhyolites of the HLP and co-CRBG
provinces broadly aligns with most of the geochemical and petrographic characteristics of
rhyolites of bimodal provinces as described by previous workers. Here we discuss how
these data do or do not corroborate with findings from previous studies.
If including the several rhyolite centers just north and northwest of the study
region, 52% of the rhyolite centers are categorized as A-type, which coincides with
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statements by Hart et al. (1984) that bimodal rhyolites tend to be A-type, but in this case,
it is only by a slight majority. Previous studies describe rhyolites of bimodal systems as
commonly higher in FeO* as compared to rhyolites associated with calc-alkaline settings
(Eby, 1990; Frost et al., 2001). At a given SiO2 content, A-type rhyolites generally have
higher FeO* than I-type rhyolites (Fig. 2.14), so this is indeed consistent with previous
findings. However, the Fe* parameter (Fe* = FeO*/(FeO*+MgO)) from Frost et al.
(2001) does not distinguish A- and I-type rhyolites as effectively as FeO* at a given SiO2
or as the abundance of high field strength elements, or Zr+Ce+Y+Nb content. Rhyolites
with extremely low MgO contents but also low FeO* content, like numerous rhyolites of
eastern Oregon, can substantially raise the calculated Fe*, making this parameter
unreliable with respect to distinguishing A- and I-type rhyolites. Frost et al. (2001) note
that A-type rhyolites will have an Fe* value > ~0.8 and rhyolites of calc-alkaline settings
will have an Fe* < ~0.8. In agreement with this parameter, Circle Bar, South Fork, the
Dome East of South Fork, South of Drewsey, Griffen Creek, Stockade Mountain proper,
and Beulah Reservoir have an Fe* < 0.8, all of which are I-type. However, multiple
regional I-type centers have an Fe* > 0.8, including Donnelly Butte, Birch Creek, North
of Drewsey, Swamp Creek, and rhyolites of the Buchanan Complex. Though rhyolite
Type appears to be a critical component in deciphering regional rhyolite petrogenesis, it
is clear that rhyolites of bimodal provinces, particularly the HLP and co-CRBG, may not
tend towards being A-type. It is also apparent that all rhyolites of bimodal provinces may
not possess distinctive FeO*, Ba, and Eu/Eu* signatures as compared to rhyolites of calcalkaline systems.
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Several studies have described the majority of HLP rhyolites as high-silica,
aphyric to sparsely phyric, with lesser common lower silica rhyolites that can possess up
to 10% phenocrysts (Linneman and Myers, 1990; Streck and Grunder, 1997; Johnson and
Grunder, 2000; Streck and Grunder, 2008). Our analyses mostly corroborate this
statement. Contrarily, we find an array of low- to high-silica rhyolites throughout the
region among both the co-CRBG and HLP provinces. This study presented multiple
rhyolites with 5–10 % total phenocrysts, with several containing up to 25 % total
phenocrysts. Rhyolites with ≥ 10 % total phenocrysts are all low-silica rhyolites, except
for Sacramento Butte, South Fork, Circle Bar, and the Devine Canyon Tuff with SiO2
ranges from 75–79 wt.%.
Common mineral phases present in rhyolites within the study area match those
described as typical within rhyolites of bimodal provinces and the HLP in particular.
Honjo et al. (1992) and Streck and Grunder (2008) describe Fe-rich ferromagnesian
silicates and Na-sanidine or anorthoclase as common phases in rhyolites of bimodal
systems. Other than Birch Creek, South Fork, Star Mountain, Stockade Mountain proper,
and the Domes North of Stockade Mountain, all rhyolites analyzed contain sanidine or
anorthoclase. Of the 13 rhyolites analyzed in this study that contain mafic silicates, eight
contain Fe-rich mafic silicates. Of those eight rhyolites, Star Mountain and the Dome
North of Iron Point also contain augite. The five rhyolites that do not contain Fe-rich
mafic silicates include Unidentified Flow #1 and Stockade Mountain, which possess
diopside.
Our data strengthen previous claims that trace element compositional variations
are extraordinary among rhyolites of the HLP and bimodal provinces in general (e.g.,
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Streck and Grunder, 2008). Rhyolites of all three eruptive Episodes display a wide
compositional gradient among trace elements that are commonly used to distinguish
rhyolites such as Ba, Eu/Eu*, and Sr. Zr, Nb, and FeO* are additional compositional
parameters commonly used to distinguish HLP and co-CRBG rhyolites (e.g., Streck and
Grunder, 2008; Hess, 2014; Jackson, 2021). Ford et al. (2013) similarly reported a lack of
correlation between δ18O and differentiation among HLP rhyolites. Ba, Eu/Eu*, Zr, Nb,
and FeO* have proven useful when distinguishing one rhyolite from another, but with no
discernible trends among these compositional parameters and age, geographic location, or
δ18O magma, it is apparent that various petrogenetic processes are occurring both
throughout the region and within localized areas.
Implications for a petrogenetic model for rhyolites of the co-Columbia River Basalt
Group and High Lava Plains provinces
A significant distinction between A-type and I-type rhyolites is that A-type
rhyolites are generally associated with “hot and dry” tholeiitic systems, and I-type
rhyolites are broadly associated with “cool and wet” calc-alkaline systems (Whalen et al.,
1987). A-type rhyolites commonly contain Fe-rich anhydrous mafic silicates like
ferrohedenbergite and fayalite, and I-type rhyolites commonly contain hydrous mafic
silicates like biotite and amphibole (Whalen et al., 1987; Frost et al., 2001; Young, 2020).
These distinctive mineral assemblages are observed in rhyolites throughout eastern
Oregon. Petrogenesis of mafic to intermediate tholeiitic and calc-alkaline magmas differ
in the oxidation conditions. Systems with higher water content will have higher oxygen
fugacity and will be richer in Fe3+, generating a calc-alkaline trend (e.g., Zimmer et al.,
2010; Sisson and Grove, 1993). Systems with lower water content will have low oxygen
96

fugacity and will be relatively poorer in Fe3+, ultimately generating a tholeiitic trend (e.g.,
Zimmer et al., 2010). Massive mantle upwellings such as deep-sourced mantle plumes
will generate a greater volume of basalt melts than smaller mantle upwellings like those
associated with regional extension or asthenospheric convection. Greater volume flux of
basaltic melts into the crust would inherently increase the temperature more and thus,
generate crustal melts at higher temperatures than an area with comparatively lower flux
of basaltic magma. Additionally, the greater the heat flux that the crust is experiencing,
the more the crust will dehydrate, thus generating conditions for “hot and dry” rhyolites
instead of “cool and wet” rhyolites that dehydrated less. This results in a characteristic
difference in mineral assemblage between I-type rhyolites with hydrous mafic silicates
and A-type rhyolites with anhydrous mafic silicates (Fig. 2.22).
The aforementioned distinction is critical in understanding rhyolite petrogenesis,
because both tholeiitic and calc-alkaline mafic to intermediate volcanism occurred in
eastern Oregon coeval with co-CRBG and HLP rhyolite volcanism. The first six
eruptions of Episode 1 include the I-type rhyolites of Unity, the Dome East of South
Fork, and Beulah Reservoir, as well as the 17.5 Ma Bald Butte and 17.3 Ma Drum Hill
(Ford et al., 2013) (Fig. 2.23) rhyolites that erupted near Lakeview, OR. The widespread
nature of these predominantly I-type rhyolites may suggest a relatively smaller mantle
influx and/or mantle dispersed over a large area, thus generating smaller volumes of
basaltic melt to produce rhyolites with relatively higher water content. At a more local
scale, silicic complexes like the Strawberry Volcanics just north of the study area
(Dvorak, 2021) and McDermitt Caldera on the Oregon-Nevada border (Henry et al.,
2017) initiate with I-type volcanism that transitions to A-type volcanism, similar to what
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is observed throughout the entirely of Episode 1. Peak rhyolite volcanism of Episode 1
(~16.3–15.5 Ma) was coeval with the main phase of the CRBG flood basalts from ~17.2–
16.0 Ma (Hooper et al., 2002; Ch. 1) (Fig. 2.23). This climax of both tholeiitic basaltic
and predominantly A-type rhyolite volcanism ~17.2–15.5 Ma suggests that there was a
massive regional influx of hot, possibly-deep-sourced mantle, supporting models like
those of Jordan et al. (2004) and Camp (2019). Physical evidence for the petrogenetic
connection between A-type rhyolites and tholeiitic mafic to intermediate magmatism is
especially apparent in large regional ignimbrites like the 16.2–15.1 Ma Dinner Creek
Tuff and the 15.5 Ma Wildcat Creek Tuff, which both contain components of a tholeiitic
endmember (Sales, 2017; Cruz and Streck, 2022). The end of eruptive Episode 1
containing both A- and I-type rhyolites aligns with coeval eruptions of both calc-alkaline
and tholeiitic mafic-intermediate magmas in the region. Approximately coeval with the
slight waning of Episode 1 rhyolite volcanism (~15.5–14.4 Ma) were the ~15.0–13.1 Ma
calc-alkaline Owyhee Basalt (Appx. 2.C) and the calc-alkaline to mildly tholeiitic 16–12
Ma Strawberry basalts and basaltic andesites (Steiner and Streck, 2013). The I-type 14.7
Ma Dam Rhyolite and the 14.4 Ma Birch Creek rhyolite erupted proximal to and coeval
with the ~15.0–13.1 Ma Owyhee Basalt. The A-type and I-type ~16.2–14.4 Ma
Strawberry rhyolites erupted coeval with a suite of calc-alkaline to mildly tholeiitic
Strawberry basalts and basaltic andesites (Steiner and Streck, 2013; Steiner, 2015;
Dvorak, 2021). There is evidence that primitive, tholeiitic mafic magmas can evolve to
calc-alkaline magmas with arc-like signatures within the same locality (e.g., Streck and
Grunder, 2012; Steiner and Streck, 2013), and this concurs with the observed transition
from predominantly A-type rhyolites to a mix of A- and I-type rhyolites as Episode 1
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progresses and wanes (Fig. 2.23). This relationship between the occurrence of calcalkaline mafic- intermediate volcanism and I-type rhyolite volcanism and the occurrence
of tholeiitic mafic volcanism and A-type rhyolite volcanism is also observed with post12.1 Ma HLP volcanism. Some recent models for HLP volcanism explain the first
episode of rhyolite volcanism within the HLP (Episode 2 with respect to regional post17.5 Ma rhyolite volcanism) as reflecting decreased influence of the CRBG-related
mantle upwelling and increasing influence of tectonic processes, or relatively shallow
mantle upwelling (Ch. 1). Episode 2 rhyolites are mostly A-type but range from strongly
A-type to strongly I-type. These rhyolites are preceded by the ~15.0–13.1 Ma calcalkaline Owyhee Basalt, ~13.9–13.1 Ma tholeiitic Tims Peak Basalt, and the calc-alkaline
~13.5–10.1 Ma Keeney Sequence (Appx. 2.C) (Fig. 2.23). HAOT magmatism continues
episodically throughout the HLP (e.g., Jordan et al., 2004). Chapter 1 asserts that the
strong recommencement of rhyolite volcanism at ~12.1 Ma is a result of increased flux of
basalt into the crust due to continued extension affecting regional lithosphere that was
structurally weakened by earlier co-CRBG volcanism. The westward younging of mixed
silicic A-, I-, and Borderline-type volcanism throughout the HLP suggests decreasing
heat flux, or influx of basalt into the crust, by proxy, which supports models involving
increasing influence of relatively less, possibly shallower mantle throughout the
progression of the HLP, like that proposed in Chapter 1. The emplacement of coeval Atype and I-type rhyolites in such proximity cannot be explained by any changes in the
tectonic regime. However, an extension-induced increase of basaltic melts in the crust
could produce A-type rhyolites, and the resulting crustal assimilation could generate
proximal Borderline- and I-type rhyolites. This study confirms that there is a definitive
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correlation between the composition of mafic-intermediate volcanism (calc-alkaline or
tholeiitic) and the composition of coeval rhyolites (I-type or A-type) in bimodal systems,
and the concurrent nature of these volcanic deposits can provide insight into the volume
of mantle driving volcanism.
Combining rhyolite Type designations and δ18O magma data also support hightemperature plume models for CRBG basalt and rhyolite petrogenesis (e.g., Jordan et al.,
2004; Camp, 2019). The existence of low-δ18O rhyolites (δ18O = 3–5 ‰) solely west of
118 °W (Fig. 2.13), particularly in areas where co-CRBG rhyolites erupted, supports a
model for rhyolite petrogenesis that involves a high-temperature mantle upwelling like
that associated with the CRBG flood basalts. However, normal and high-δ18O rhyolites
are dispersed throughout the study area (Fig. 2.15). This may support models that suggest
a decreased mantle flux in the region post-CRBG volcanism, but there are likely
additional factors influencing the δ18O values of these rhyolites, which are addressed
below.
Different types of mafic magmatism can explain broad and local variations in Atype and I-type rhyolites of Episodes 1 and 2, but extraordinary trace element variations
and various δ18O values in adjacent rhyolites requires an examination of petrogenetic
processes at a local scale. Studies have presented strong evidence that co-CRBG rhyolites
are associated with CRBG flood basalts, whether they are a product of crystal
fractionation of CRBG mafic magmas with some degree of crustal assimilation or are a
result of partial melting of the crust (e.g., Camp et al., 2003; Streck et al., 2015; Sales,
2016; Webb et al., 2018). HLP rhyolites are also petrogenetically related to coeval mafic
volcanism, and some rhyolites preserve evidence of the associated mafic component
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(e.g., Streck and Grunder, 1997; 1999). Burial and erosion have obscured terrane rocks of
far-southeast Oregon. However, modeling batch melting of various crustal rocks
throughout eastern Oregon (Streck, unpub.) suggests that varying partition coefficients (D
values) for informative trace elements (Ba for alkali feldspar fractionation and Zr for
zircon fractionation) can provide insight into which phases must remain in the restite to
generate each rhyolite (Fig. 2.24). Thus, we can determine how petrogenetic processes
differ among adjacent rhyolites. Modeling Sr and Ba together is informative when
assessing the degree of plagioclase versus alkali feldspar fractionation, but variation in Sr
concentrations among crustal rocks is too great to prove useful in modeling. Zirconium
and thus, zircon fractionation varies widely in all areas, indicating varying degrees of
zircon must remain in the restite if batch melting of crust is producing these rhyolites
(Fig. 2.24). No zircon must remain in the restite to form the majority of Episode 1
rhyolites, Unidentified Flow #1, Saddle Butte, and some Star Mountain samples (DZr =
0.4–0.1). Swamp Creek and the Dome East of South Fork would require less zircon to
remain in the residue (DZr = 1.0–0.6). Low to no zircon may remain in the restite to
generate the majority of Episode 2 rhyolites like Stockade Mountain proper, Duck Butte,
Black Butte, Iron Point, the Dome North of Iron Point, Sacramento Butte, Mustang Butte,
Visher Creek, the Dome South of Visher Creek, the Domes North of Stockade Mountain,
Stockade Mountain, and some Star Mountain samples, as well as the undated Dowell
Butte (DZr = 0.9–0.6). A low abundance of zircon must remain in the restite to form the
rhyolites of Beulah Reservoir, South Fork, North of Drewsey, South of Drewsey, and the
Dome West of Idlewild (DZr = 1.1–1.0). No alkali feldspar must remain in the residue to
form all Episode 1 rhyolites (DBa = 0.5–0.2), though Dry Creek, Swamp Creek, and Birch
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Creek would require slightly higher DBa values of ~0.6–0.9. Episode 2 rhyolites that must
have formed in a system where no alkali feldspar remained in the restite include Star
Mountain, Duck Butte, Griffen Creek, and McEwen Butte. Rhyolites of Circle Bar, some
samples from Star Mountain, Stockade Mountain proper, Saddle Butte, and the Dome
North of Iron Point would require low to no alkali feldspar to remain in the restite,
requiring a DBa between 1.0 and 1.5. Rhyolites of South Fork, Indian Creek Butte, the
Devine Canyon Tuff, Dowell Butte, Sacramento Butte, Mustang Butte, Stockade
Mountain south, North of Drewsey, South of Drewsey, and the Dome West of Idlewild
require alkali feldspar to remain in the residue (DBa = 2.0–2.5). The majority of all
rhyolites of any age require a small fraction of melt (F < 15%) to form, except Episode 1
rhyolites of the Buchanan Complex, Donnelly Butte, Beulah Reservoir, Swamp Creek,
and Birch Creek and Episode 3 North of Drewsey and South of Drewsey rhyolites, which
require a slightly higher melt fraction (F = 20–40%). When modeling petrogenesis from
local basalts like the Hunter Creek Basalt and Tims Peak Basalt, it is reasonable to model
both crystal fractionation and batch melting, depending on the age of the rhyolite. It is not
plausible to model batch melting or crystal fractionation of Episode 1 rhyolites from
Tims Peak Basalts, because the Tims Peak Basalts are relatively younger. If we assume
similar fractionation trends, alkali feldspar fractionation from Hunter Creek Basalt would
be similar to crustal rocks but would require higher melt fractions to generate rhyolites
based on both Ba and Zr. North of Drewsey, South of Drewsey, and the Dome West of
Idlewild would require a significant amount of zircon to remain in the restite if it were to
form from the Hunter Creek Basalt. In summation, it is mathematically possible for
regional rhyolites of all ages to form from batch melting of regional crustal rocks and
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some possibly from batch melting or crystal fractionation of Hunter Creek Basalt, but it is
clear that individual rhyolites in close proximity must be generated from varying degrees
and paths of crystal fractionation, partial melting, and/or assimilation of country rock.
These petrogenetic variations explain why δ18O values and trace element compositions
vary significantly among rhyolites of the same area even when rhyolite volcanism is
assumed to be induced by the same type (calc-alkaline or tholeiitic) of mafic volcanism.
CONCLUSIONS
This study confirms the extraordinary trace element compositional heterogeneity
among rhyolites of both the Columbia River Basalt Group (CRBG) and the High Lava
Plains (HLP) of eastern Oregon as described by previous workers. In the area where the
two provinces spatially overlap, there is a mix of rhyolites that range from A-type to Itype, highly evolved to less evolved, and low-δ18O to high-δ18O. Calculated average
storage temperatures also vary within localized areas and throughout the study area. The
most noteworthy observations are the spatial distribution of A- and I-type rhyolites and
δ18O magma throughout the region and the occurrence of proximal coeval calc-alkaline
and tholeiitic mafic-intermediate magmatism. Rhyolite Types are mostly dictated by
FeO* and high field strength elements (HFSEs) (Zr + Ce + Nb + Y); A-type rhyolites
have a higher FeO* at a given SiO2 and higher HFSEs than I-type rhyolites. This study
confirms that the presence of anhydrous mafic silicates is a critical distinctive
characteristic of A-type rhyolites, and the presence of hydrous mafic silicates is a critical
distinctive characteristic of I-type rhyolites, as suggested by previous workers. The
timing and spatial distribution of tholeiitic mafic magmatism and calc-alkaline mafic103

intermediate magmatism coincides with regional rhyolite volcanism. Co-CRBG rhyolite
volcanism signified a massive influx of basalt melts into the crust generated by a hot,
possibly-deep-sourced mantle plume. Voluminous basalt melts within the crust would
supply immense heat and would dehydrate the surrounding crust, producing A-type
rhyolites like those common in the peak period of CRBG rhyolite volcanism. The mix of
both calc-alkaline and tholeiitic mafic-intermediate volcanism shortly preceding and
concurrent with HLP volcanism aligns with the mix of both A- and I-type rhyolite
volcanism throughout the HLP. Relatively cooler, possibly shallower mantle influx
generated smaller volumes of basaltic melt that would not significantly dehydrate the
regional crust, allowing for the generation of A- and I-type rhyolites. These findings
corroborate a model for co-CRBG and HLP volcanism that initially involves a massive
upwelling of hot mantle to generate co-CRBG rhyolites, and with westward progression
of HLP volcanism, there is decreased influence of the CRBG-related plume and increased
influence of tectonic and upper-mantle processes driving rhyolite volcanism. Astounding
trace element variations among rhyolites at regional and local scales are attributed to
localized variations in degree or path of intra-center crystal fractionation, various
amounts of crustal assimilation, some rhyolites being partial melts or fractional
crystallization melts from various crustal rocks or mafic-intermediate endmembers.
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TABLE 2.1. CALCULATED STORAGE TEMPERATURES FOR RHYOLITES SAMPLED IN THIS STUDY (°C)

TABLE 2.2. MAFIC PHASES PRESENT IN RHYOLITE SAMPLES FROM THIS STUDY
Mafic minerals
Unit

Type

Biotite

Amp

Opx

Cpx

Saddle Butte

A

P

Stockade Mountain

A

P

Star Mountain

A

Unidentified Flow #1

A

P

Black Butte

A

P

Dry Creek

A

P

Iron Point

A

P?

P?

Dome N of Iron Point

B

P

P

Domes N of Stockade Mountain

B

Circle Bar

I

P

Birch Creek

I

P

South Fork

I

P

P

P

P

Fayalite
P

P

P
P

Mustang Butte
I
P
Note: Pyroxene and olivine phase identification by compositional data from scanning electron
microscope analysis. Amp – amphibole; Cpx – clinopyroxene; Opx – orthopyroxene; P –
present. See Figure 2.8 for pyroxene ternary diagrams. See Appendix 2.A for full details of
mineral assemblages.

106

Figure 2.1 Map of primary regional Miocene volcanic provinces and units in study area.
(A) Province extents modified from Coble and Mahood (2012; 2016) and Camp (2019)
reflect ages from recent studies (e.g., Streck et al., 2015). Fine dashed line is 0.706 Sr
isotope line representing the approximate craton boundary. Ages for Yellowstone–Snake
River Plain (Y-SRP) calderas from Perkins and Nash (2002). (B) Compilation geologic
map of all individual silicic centers in the primary sampling area of this study. Bolded
unit names are rhyolites sampled in this study. Colors now reflect new ages and rhyolite
eruptive episodes discussed in Chapter 1. HLP extent and Devine Canyon and Prater
Creek tuff eruptive centers from Ford et al. (2013). Leslie Gulch, Mahogany Mountain,
and McIntyre Ridge areas include all units associated with the Mahogany-Three Fingers
rhyolite field. Sources for ages are in Appendix 1.A.
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Figure 2.2 Previous compositional data of regional Miocene rhyolites in the study area.
All centers included are lavas unless otherwise noted in the legend. Vertical grey dashed
line at 75 wt.% SiO2 separates low- and high-silica rhyolites. RST HSR – Rattlesnake
Tuff high silica rhyolites. 0 – XRF an ICPMS data; Marcy (2003). 1 – XRF and ICPMS
data; Streck et al. (2014). 2 – XRF and ICPMS data; Webb et al. (2018). 3 – XRF and
ICPMS data; Large (2016). 4 – XRF and ICPMS data; Hess (2014). 5 – XRF data; Camp
et al. (2003). 6 – XRF and INAA data; Johnson (1995); 7 – XRF and INAA data; Streck
and Grunder (1999). 8 – XRF and ICPMS data; Sales (2017). 9 – XRF and ICPMS data;
Black (2021); 10 – XRF and ICPMS data; Jackson (2021). Craft Point data is from
Streck, unpub.
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Figure 2.3 Photomicrographs of rhyolite samples collected in this study.
Samples VS17-001 through VS17-046b. The left side of each photomicrograph is in
plane-polarized light (PPL) and the right side is cross-polarized light (XPL). The red bar
is 10 mm for scale.
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Figure 2.3 continued. Samples VS17-051b through VS19-089. The left side of each
photomicrograph is in plane-polarized light (PPL) and the right side is cross-polarized
light (XPL). The red bar is 10 mm for scale.
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Figure 2.3 continued. Samples VS19-093 through VS19-089. The left side of each
photomicrograph is in plane-polarized light (PPL) and the right side is cross-polarized
light (XPL). The red bar is 10 mm for scale.
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Figure 2.4 Geochemical data from this study highlighting trends by eruptive episode.
Episode 1 ranges from 17.5–14.4 Ma, Episode 2 ranges from 12.1–9.0 Ma, and Episode 3
ranges from 9.0–5.1 Ma. Rhyolites within the study area range from 16.8–7.1 Ma.
Vertical grey dashed line at 75 wt.% SiO2 separates low- and high-silica rhyolites.
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Figure 2.5 Geochemical data from this study highlighting trends with δ18O and age.
Oxygen data shown is calculated δ18O magma. The extent of the latitude-longitude plot is
the same extent as the sampling area for this study (Figure 2.1).
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Figure 2.6 Geochemical data from this study highlighting trends with respect to Type.
A-type will have a Zr + Ce + Y + Nb > 350 ppm, I-type will have a Zr + Ce + Y + Nb <
350 ppm, and Borderline-type are rhyolites that plot on or nearly on the 350 ppm line.
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Figure 2.7 Feldspar ternary diagrams from samples analyzed in this study.
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Figure 2.8 Pyroxene ternary diagrams for samples analyzed in this study.
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Figure 2.9 Calculated storage temperatures for rhyolites samples from this study.
(A) Feldspar-liquid geothermometer from Putirka (2008) and zircon-saturation
geothermometer from Watson and Harrison (1983). Temperatures were calculated for
both the rims and the centers of compositionally zoned feldspars from Black Butte
sample VS19-106. (B) Storage temperatures for each eruptive center plotted on a regional
map (Google Earth) to display any trends with respect to storage temperature and
geographic location. Extent of map is the same as the study area (Figure 2.1). (C)
Average storage temperatures with respect to Type.
117

Figure 2.10 Compilation of geochemical data within and proximal to the study region.
Vertical grey dashed line at 75 wt.% SiO2 separates low- and high-silica rhyolites.
Rhyolite centers outside but proximal to the study area include Donnelly Butte, Dooley
Mountain, the Unity rhyolite, and the Strawberry rhyolites. See Appendix 2.C for full list
of data sources.
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Figure 2.11 Compilation of δ18O magma data within and proximal to the study region.
Rhyolite centers outside but proximal to the study area include Donnelly Butte, Dooley
Mountain, the Unity rhyolite, and the Strawberry rhyolites. See Appendix 2.C for full list
of data sources.
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Figure 2.12 Compiled geochemical data to show trends among most and least evolved.
Includes data from this study and previous studies. Rhyolite centers outside but proximal
to the study area include Donnelly Butte, Dooley Mountain, the Unity rhyolite, and the
Strawberry rhyolites. See Appendix 2.C for full list of data sources.
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Figure 2.13 Compilation of all δ18O magma data for individual regional rhyolites.
See Appendix 2.C for full list of data sources. Grey shaded region indicated “normal δ18O
rhyolites” between 5.8–6.5‰, as defined by Bindeman (2008).
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Figure 2.14 Compilation of all rhyolites highlighting trends with respect to Type.
A-type will have a Zr + Ce + Y + Nb > 350 ppm, I-type will have a Zr + Ce + Y + Nb <
350 ppm, and Borderline-type are rhyolites that plot on or nearly on the 350 ppm line.
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Figure 2.15 Type and δ18O magma data compilation to observe spatial trends.
(A) Spatial distribution of A-, I-, and Borderline-type across the study region, including
previous data and data from this study. (B) Spatial distribution of δ18O magma across the
study region, including previous data and data from this study. See Appendix 2.C for full
list of data sources.
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Figure 2.16 Map showing how rhyolite centers fit into five subdivided localities.
Rhyolites are subdivided into smaller areas to assess localized compositional trends. The
Rosewood rhyolite is not included here as it is in Figure 2.1, because it is significantly
older than rhyolites within the scope of this study. The distribution of mapped tuffs
(Dinner Creek, Wildcat Creek, Prater Creek, Rattlesnake, and Devine Canyon) has been
removed from this map for simplicity, but unit labels are placed approximately where a
substantial amount of the tuff was emplaced. Rhyolite centers outside but proximal to the
study area include Donnelly Butte, Dooley Mountain, the Unity rhyolite, and the
Strawberry rhyolites. Highways 20 and 78 are labeled.
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Figure 2.17 Compilation of geochemical data from centers in the Saddle Butte area.
The Saddle Butte area is shaded red on Figure 2.16. See Appendix 2.C for full list of data
sources.
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Figure 2.18 Compilation of geochemical data from centers in the South Fork area.
The South Fork area is shaded blue on Figure 2.16. See Appendix 2.C for full list of data
sources.
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Figure 2.19 Compilation of geochemical data from centers in the Star Mountain area.
The Star Mountain area is shaded yellow on Figure 2.16. See Appendix 2.C for full list of
data sources.
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Figure 2.20 Compilation of geochemical data from centers in the Buchanan area.
The Buchanan area is shaded green on Figure 2.16. This also includes Donnelly Butte, a
rhyolite eruptive center that lies ~60 km WNW of Craft Point and the Dome West of
Idlewild, which lies ~30 km NW of Craft Point. See Appendix 2.C for full list of data
sources.
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Figure 2.21 Compilation of geochemical data from the Mahogany Mountain area.
The Mahogany Mountain area is shaded purple on Figure 2.16. See Appendix 2.C for full
list of data sources.
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Figure 2.22 FeO* and SiO2 trends among A- and I-type rhyolites as compared to trends
among rhyolites with anhydrous (pyroxene; fayalite) and hydrous (biotite; amphibole).
Dashed line represents general trend separating A-type versus I-type rhyolites in the
figure on the right, and that same line is superimposed onto the figure on the left to show
the correlation between rhyolite Types and mafic mineral assemblages.
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Figure 2.23 Type designation for all regional Episode 1 and Episode 2 rhyolites.
See Appendix 2.C for full list of geochemical data sources. See Appendix 1.A.2 for
sources of all ages 40Ar/39Ar ages. Grey shades represent prominent periods of mafic
volcanism (y-axis height is of no assigned value); ~17.2–16.0 Ma – main phase CRBG
basalt volcanism (e.g., Brueseke et al., 2007; Cahoon et al., 2020); ~14.1–13.6 Ma –
period of relatively abundant mafic volcanism associated with the Tims Peak basalt,
Owyhee Basalt, and flows of the Keeney Sequence (e.g., Hooper et al., 2002); ~10.6–
10.0 Ma – period of relatively abundant younger CRBG basalt eruptions and eruptions of
the Keeney Sequence (e.g., Barry et al., 2013); 8.0–7.5 Ma, 5.7–5.3 Ma, and 3.0–2.0 Ma
– periods of younger mafic volcanism associated with the HLP (e.g., Jordan et al., 2004).
These basalt episode ranges have been slightly modified to reflect the complete
compilation of ages from additional sources (see Appendix 1.A.2).
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Figure 2.24 Batch melt modeling of regional crust, Hunter Creek Basalt and Tims Peak
Basalt to potentially produce regional rhyolites of various sub-regions in the study area.
D for each element values were manipulated to assess the relative amount of zircon (Zr)
and alkali feldspar (Ba) that must remain in the restite to form each rhyolite. DZr ranged
from 0.1–1.1, DBa ranged from 0.5–3.5, DNb = 0.01, and DRb = 0.0. See Appendix 2.C for
full list of data sources.
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CHAPTER 3
PRE-ERUPTIVE MAGMA CONFIGURATIONS AND PETROGENETIC
RELATIONSHIPS OF THE RATTLESNAKE TUFF, OREGON - INSIGHTS
FROM SPECTACULARLY BANDED HIGH-SILICA RHYOLITE PUMICES

This chapter was previously published.
Swenton, V.M., Streck, M.J., 2022, Pre-eruptive magma configurations and petrogenetic
relationships of the Rattlesnake Tuff, Oregon – Insights from spectacularly banded highsilica rhyolite pumices: Frontiers in Earth Science, v. 10, p. 1–24,
doi:10:3389/feart.2022.841279

ABSTRACT
Rattlesnake Tuff (RST) of eastern Oregon is a widespread and voluminous (>300
km3) ignimbrite composed of 99% crystal poor (≤ 1%) high-silica rhyolite (HSR) and
<1% dacites. Basaltic andesitic to basaltic inclusions within dacites are samples of
underpinned mafic magmas. The RST HSR is comprised of five increasingly evolved
compositional Groups (E–A), and HSR pumices range from white to dark grey, often comingled in spectacular banded pumices. Previously, Groups were interpreted as rhyolites
generated by crystal fractionation within a single reservoir, where more evolved rhyolite
melts formed from relatively less evolved rhyolite parents. To reassess compositional
HSR Groups and their implications for tapping a single or multiple rhyolite reservoirs as
well as reevaluating the petrological relationships among groups, we focus on large
banded pumices for geochemical analysis. Statistical analysis of existing and new data
verified these five compositional Groups and gaps, best characterized by variations in Ba,
Eu/Eu*, Eu, FeO*, Hf, and Zr. Wet-liquidus temperatures, storage temperatures, and
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storage pressures calculated for all HSR Groups indicate similar pre-eruptive conditions
(~6.1–7.5 km depth; storage temperatures of ~805–895oC). Differentiation trends, trends
in storage pressure and temperature, and lack of crystal-rich tuff or country rock
corroborate existing models for HSRs that involve a single, density-stratified magma
reservoir prior eruption. Density differences are sufficient to prevent convection between
layers of HSRs in a single reservoir when water content increases from 2–4 wt.% from
Groups E–A. However, if HSRs do not represent a liquid line, it is possible to generate
HSRs through batch melting of various regional country rock. Yet, HSRs would still
accumulate within the same storage zone, where density variations kept HSRs from
mixing until eruption when these banded pumices formed. In either scenario, our study
underscores the significance of water content and density variations for accumulating
rhyolite magmas in a contiguous magma body without mixing. This has implications for
other compositionally heterogenous rhyolitic ignimbrites where natural samples do not
provide comparable evidence to argue for pre-eruptive confocal storage of different
rhyolite magmas as is the case for the Rattlesnake Tuff.
INTRODUCTION
Studying the violent, explosive caldera eruptions within bimodal volcanic
provinces provides valuable insight into the complex magma plumbing systems involved.
Debate and discussion continues around the magmatic and tectonic processes responsible
for generating both the mafic and silicic volcanism of the 12–0 Ma High Lava Plains
(HLP) in eastern Oregon, with the peculiar northwest-younging trend of rhyolite
volcanism being a topic of several recent studies. Generally, the primary factor of debate
among proposed models for HLP volcanism is whether it is associated with a deep143

sourced mantle plume (e.g., Jordan et al., 2004; Camp, 2019), or whether it is more
upper-mantle or tectonics driven phenomena (e.g., Ford et al., 2013; Hawley et al., 2019).
Others have proposed models that ascribe HLP volcanism to a combination of both
aforementioned processes (e.g., Swenton and Streck, in press). In any case, detailed
analyses of caldera eruptions within bimodal provinces like the HLP has provided
valuable insight into the intricacies of the convoluted magmatic plumbing systems and
the production of voluminous, compositionally heterogeneous rhyolites (e.g., Sales,
2018; Isom, 2107). The 7.05 ± 0.1 Ma (Streck and Grunder, 1995; Jordan et al., 2004)
Rattlesnake Tuff (RST) is one of the three voluminous and widespread ignimbrites that
erupted in Oregon after 12 Ma, and it is included within the HLP silicic volcanic trend.
The spectacularly banded high-silica rhyolite (HSR) pumices of the RST provide rare and
valuable insight into the pre-eruptive magma configuration and co-eruptive processes that
created the RST. Understanding the multifaceted petrogenetic processes responsible for
generating significant compositional heterogeneity among the RST can be applied to
other heterogeneous rhyolitic ignimbrites across the HLP and other bimodal provinces
worldwide.
Streck and Grunder (2008) compiled geochemical data from MacLean (1994),
Streck and Grunder (1997; 1999), Johnson and Grunder (2000), and Jordan et al., (2002)
and determined that of the 286 rocks analyzed, at least 93% were of either mafic or felsic
composition, the other 7% intermediates. Regional basalts in and around the HLP that
erupted after 15.0 Ma west of the 0.706 Sr isopleth were grouped as high-aluminum
olivine tholeiites (HAOTs), containing higher Ni, higher Mg numbers, and lower
concentrations of incompatible elements compared to Snake River Plain olivine tholeiites
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(SROTs) east of the 0.706 Sr isopleth (Hart et al., 1984). The 87Sr/86Sr isopleth is
interpreted as representing the boundary between accreted terrane and the North
American craton (e.g., Pierce et al., 2002). The ~13.9–13.1 Ma (Lees, 1994; Hooper at
al., 2002; Camp et al., 2003; Camp and Ross, 2004) Tims Peak Basalts are considered the
oldest known HAOTs. HAOTs have been described as younging westward towards the
Cascade Volcanic Arc and Newberry volcano (<4 Ma) (Hart et al., 1984; Christiansen et
al., 2002; Camp and Ross, 2004), but Trench et al. (2012; 2013) explain that mafic
volcanism has been episodic but continuous (no discernable age progression) across the
entire HLP since 8 Ma. Conversely, silicic volcanism within the HLP province displays a
northwest-younging age progression (e.g., Walker, 1974; MacLeod et al., 1975; McKee
and Walker, 1976; Jordan et al., 2004; Ford et al., 2013) paralleling the northwest
trending Brothers Fault Zone (Jordan, 2002; Jordan et al., 2004) and mirroring the
northeast-younging trend of adjacent Yellowstone–Snake River Plain (YSRP) silicic
volcanism. Some of the oldest rhyolite centers in the easternmost HLP trend include the
rhyolites of Iron Point (11.85 ± 0.06 Ma), Sacramento Butte (11.84 ± 0.06 Ma), and
Visher Creek (11.46 ± 0.02 Ma) (Swenton and Streck, in press). It has recently been
discovered that <~12 Ma HLP silicic volcanism is composed of two distinct eruptive
episodes (12.1–9.6 Ma and 9.0–5.1 Ma), and eruption of the RST occurred within the
later eruptive episode (Swenton and Streck, in press).
The RST is a widespread, variably welded ignimbrite sheet with an estimated
eruption volume of ~300 km3 (DRE) which does not include any intra-caldera tuff or
fallout deposits (Fig. 3.1) (Streck and Grunder, 1995). The caldera source for the RST is
not structurally exposed but is inferred to be from an ~20 km diameter caldera that is now
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Capehart Lake within the western Harney Basin (Streck and Grunder, 1995). Tuff
exposure thicknesses are mostly uniform (15–30 m) within the eastern HLP province and
north into the Blue Mountains province (Streck and Grunder, 1995). Present day
exposures of the RST span semicontinuously over 9250 km2, but original eruptive
coverage estimates are a minimum of 35,000 km2 (Streck and Grunder, 1995). It should
be noted that recent mapping of newly discovered outcrops of the RST extend the
original distribution significantly towards the NE and, thus, all distribution and volume
estimated need to be updated. The minimal variation in unit thickness is attributed to lack
of significant topographic relief at the time of eruption and very energetic eruptions
leading to a low aspect ratio (low average thickness over a wide areal extent) ignimbrite
(Streck and Grunder, 1995).
The RST is a crystal poor rhyolite comprised of pumices and glass shards (Streck
and Grunder, 1997). Over 99% of the RST is high-silica rhyolite (HSR; >75 wt.% SiO2),
with sparse (<1%) dacite pumices and <<0.1% basaltic inclusions (Streck and Grunder,
1997; 2008) (Fig. 3.2). The tuff is one cooling unit that ranges from non-welded to
densely-welded, with tuff displaying rheomorphic flow features within 40–60 km of the
inferred eruptive source (Streck and Grunder, 1995). Streck and Grunder (1997) analyzed
primarily non-banded rhyolite pumices and glass shards and determined that the RST is
comprised of five distinct high-silica rhyolites. The five groups (A, B, C, D, and E)
become increasingly evolved, where E is the least evolved and A is the most evolved
with respect to parameters such as silica content, incompatible trace element
concentrations, and parameters of feldspar fractionation. These metaluminous to
borderline peralkaline HSRs are distinguished by variations in Fe, Ti, LREE, Ba, Eu, Rb,
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Zr, Hf, Ta, and (Streck and Grunder, 1997). Streck and Grunder (1997) interpreted these
groups to represent five distinct rhyolites, four of which were generated by crystal
fractionation occurring at the magma chamber roof and walls, where these processes
caused a series of more evolved rhyolite melts to form from relatively less evolved
rhyolite parents within the magma chamber, resulting in a density and compositionally
zoned magma chamber and the compositional clustering observed in rhyolites.
Furthermore, the least evolved of the rhyolites was thought to be the product of partial
melting of a mafic protolith with high Ba/Rb ratio (Streck, 2002). Homogeneous and
banded pumices range from more evolved and aphyric to less evolved with ~1% alkali
feldspar, Fe-rich clinopyroxene, titanomagnetite, ± quartz and fayalite phenocrysts, and
the trace phases apatite, zircon, and chevkinite (Streck and Grunder, 1997; 1999). Based
on mafic mineral assemblages, oxygen fugacity is at QFM, and oxidation conditions
increase from Group E to Group A (Streck and Grunder, 1997).
Streck and Grunder (2008) build upon the model they previously proposed by
assessing petrogenetic processes responsible for generating crystal-poor rhyolites in
bimodal provinces like the HLP, and they found that rather than these rhyolites being
derived from granodioritic mush as other studies may suggest (i.e., Bachmann and
Bergantz, 2004; Hildreth, 2004), their compositional diversity can be explained by subtle
variations in crustal composition and degrees of partial melting of the mafic crust from
which the least evolved rhyolites were derived.
The subalkaline to mildly alkalic dacite pumices are primarily banded, vitric, and
black, with varying amounts of high-silica rhyolite bands throughout (Streck and
Grunder, 1999; 2008). Basaltic inclusions <3 cm in length are found almost exclusively
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within the dacite pumices and dacite bands within rhyolite pumices (Streck and Grunder,
1999). The three types of basaltic inclusions (crystal-poor, crystal-rich, and cumulus) are
determined to be co-magmatic because 1) the ellipsoidal shape and quenched rinds
indicating they were liquid when incorporated, 2) mingling textures with the host pumice,
3) the presence of plagioclase phenocrysts with quenched textures in a glassy
groundmass, and 4) the basaltic inclusions being compositionally, texturally, and
mineralogically similar, indicating they are magmatically related (Streck and Grunder,
1999). Evidence of a petrogenetic history involving protracted crystal fractionation and
cyclic recharge was recorded in the crystal-rich basaltic inclusions (Streck and Grunder,
1999). The geochemistry of the basaltic inclusions within the RST homogeneous dacite
pumices indicates they are too enriched in incompatible elements to be incorporated
HAOT basalt. Rather, the underpinning of primitive HAOT magma and subsequent
periods of crystal fractionation, mafic recharge, and some rhyolite magma assimilation
produced an enriched basaltic andesite ponded beneath the rhyolite reservoir (Streck and
Grunder, 1999). Dacite pumices are a result of disturbing the density boundary between
the rhyolites and the basaltic andesites during eruption of the RST (Streck and Grunder,
1999). Streck and Grunder (1999) found that equilibrium phenocrysts in the dacite
pumices were rare, suggesting that the basaltic andesite and rhyolite mixing was shortly
prior to eruption. Streck and Grunder (1997) focused their investigation on the nonbanded (homogeneous) dacite pumices, and such a detailed geochemical, mineralogical,
and petrological study had not yet been performed on the banded HSR pumices of the
RST.
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Globally, rhyolites exist that are comprised of multiple cooling units of notably
different compositions or of one unit that possesses a compositional gradient. Modeling
the intricate magma plumbing systems responsible for generating these rhyolites has been
a popular topic of recent research. Several studies relate compositional complexities to
the tapping of multiple separate and distinct melt lenses throughout the duration of
rhyolite eruption (e.g., Shane et al., 2008; Ellis and Wolf, 2012; Cooper et al., 2012;
2016; Bégué et al., 2014), while others attribute compositional heterogeneities to a single,
large magma reservoir that may contain large-scale internal zoning (e.g., Streck and
Grunder, 1997; Hildreth and Wilson, 2007; Ukstins Peate et al., 2008; Gregg et al., 2012;
2015; Caricchi et al., 2014) or crystal-rich and crystal-poor melt lenses (e.g., Cashman
and Giordano, 2014; Synamowski et al., 2019). The RST is an example of one of these
voluminous, compositionally heterogeneous rhyolites that has been the subject of several
studies, but there was insufficient data to make definitive statements on its pre-eruptive
magma configurations. Previous studies have focused on homogeneous HSR pumices,
and the significantly low crystallinity of the HSRs had made certain detailed geochemical
analyses on phenocrysts difficult, if not impossible. However, in this study, we provide
new pre-eruptive insights by conducting detailed analyses on the strikingly banded HSR
pumices. These banded pumices contain at least two of the distinct HSR magmas,
constituting them as physical evidence of the pre-eruptive magma mingling, and thus
provide substantial additional insight into the complexities of large silicic magma
reservoirs and the production of voluminous, compositionally heterogeneous rhyolites.
We contribute critical evidence to support or negate preexisting models of RST HSR
petrogenesis that either involve a single, zoned, large silicic magma reservoir or the
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tapping of multiple, distinct silicic magma batches, which can be used as a case study in
deciphering complex HSR magma systems around the world, especially those in bimodal
systems.
MATERIALS AND METHODS
Collecting high-silica rhyolite pumices
Large (greater than ~20 cm) banded HSR pumices with at least two visibly
different bands were the targets when collecting pumice samples for analysis. An outcrop
~21 km E of the junction of Highway 395 and ~85 km SSW of Burns, OR, hosts an
abundance of glassy, relatively fresh banded HSR pumices (Fig. 3.1). This location is
close to (<60 km away from) the approximated eruptive center. Few other outcrops of
RST are known to contain such large, fresh, and glassy banded pumices, so we
exclusively sampled this outcrop.
Fifteen banded pumices were collected based on size, visible variation in color of
bands, and width of bands. Pumices with wider bands were preferred for easier
separation, though pumices with mm-sized, multicolored bands were common. Banded
pumices ranged in their appearance from having multiple shades of light grey to white,
multiple shades of medium grey, shades of dark grey and light grey, or several different
shades of grey. Two homogeneous white pumices of different textures were also
collected for analysis to compare to data from previous studies. The largest unbanded and
banded pumices of glassy RST are on the order of 1m in size. A granitic lithic fragment
found within the outcrop of RST in the sample area and obsidian from a pristine densely
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welded vitrophyre from the area near the Silver Creek location described by Streck and
Grunder (1995) was also included for bulk rock analysis.
Geochemical analysis of banded and homogeneous pumices
All 17 pumices were lightly crushed, and the largest bands in the banded pumices
were separated based on visible differences in color and possibly texture as compared to
surrounding bands. A numbering system was implemented to keep track of different
bands of the same sample. A decimal and a number were placed after each original
sample ID, where ‘.1’ was considered the lightest appearing band, and each darker band
received an increasing number after the decimal. For example, there were three band
separates analyzed for sample VS20-122H, so the lightest grey material was given the
sample ID of VS20-122H.1, the medium grey material was VS20-122H.2, and the
darkest grey material of that sample was labeled VS20-122H.3. Samples were analyzed
for ten major and minor element concentrations and 17 trace elements in parts per million
(ppm) at Washington State University’s (WSU) Geoanalytical Laboratory. Each sample
was powdered at WSU using a low trace element tungsten carbide shatterbox. Powdered
forms of each sample are placed in a high temperature oven to vaporize any organic or
secondary volatile contents (unrelated to magmatic volatile content) in each sample and
to produce a ‘dry’ powder. The percent loss on ignition (LOI) is the weight percent of
these volatiles removed during this process. Lower LOI values generally equate to lower
secondary water content and thus to data that are more representative of the original
composition at the time of emplacement. Major, minor, and some trace element
concentrations were measured using WSU’s ThermoARL X-ray fluorescence (XRF)
spectrometer using methods described in Johnson et al. (1999). More trace element
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compositions were determined using WSU’s Inductively coupled plasma-mass
spectrometer (ICP-MS).
Recalculating geochemical data on pumices from previous studies
Streck and Grunder (1997) gathered compositional data from RST HSR pumices
using XRF and Instrumental Neutron Activation Analysis (INAA). Five pumices
analyzed in Streck and Grunder (1997) were reanalyzed again in this study as a measure
of comparison. When plotting results from this study with geochemical data from Streck
and Grunder (1997) of the same samples, several elements displayed noticeable offsets.
When comparing Nb, Pb, Rb, Sr, and Zr, it is preferred to compare old XRF values to
new ICP-MS values, because the INAA method cannot be used for analyzing such
elements or lead to much lower precision as compared to elemental concentrations
determined by XRF. Percent differences were calculated for all measured elements and
oxides where possible. Those with a percent different greater than ~5% were deemed
candidates for recalculation, except when the measured concentrations were <0.05 wt.%
for oxides or <6 ppm for minor and trace elements (Table 3.1). Zr, Nb, Pb, and Sr XRF,
as well as Ce INAA values from Streck and Grunder (1997) were plotted against new
data from this study, and linear regression lines were calculated. The equation from each
individual regression line was used to recalculate the old XRF or INAA data for that
particular element (Appx. 3.A).
Statistical analyses of high-silica rhyolites by geochemical composition and
determining most influential parameters
A kmeans cluster analysis was performed using R Studio on all HSR pumice
samples from this study and samples of interest from Streck and Grunder (1997). We
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used recalculated geochemical data from Streck and Grunder (1997). XRF and INAA
analyses conducted by Streck and Grunder (1997) did not measure detectable amounts of
some oxides and elements that recent XRF and ICP-MS analysis are able to detect, such
as P2O5 (XRF), Cr (XRF), and As (INAA). There were also no data reported for elements
such as Pr, Gd, Dy, Ho, Er, and Tm, and several samples (i.e., RT219A; RT62A; RT173I;
RT173L) did not have measurable Ba, Nb, Y, Pb, Rb, Sr, and Zr INAA data. Because
kmeans clustering analysis cannot be conducted when cells in a given spreadsheet are
empty (there is no numerical value for that element or oxide), the aforementioned missing
elements and oxides were excluded from the analysis, as well as the samples with a
significant number of missing values. A principal component analysis (PCA) was then
conducted on the same data to determine which elements and oxides have the strongest
influence on differentiating the samples, and thus, differentiating each cluster. Elements
and oxides with PC1 values >1.5 or <-1.5 were considered the most significant factors in
distinguishing samples, and those with PC2 values >2.0 or <-2.0 were also considered.
The significance of this subset of elements and oxides was verified by observable
differentiation in scatterplots. See Appendix 3.C.1 for the data spreadsheet used and
Appendix 3.C.2 for the script used in R Studio to conduct both the kmeans clustering and
PCA analyses.
Temperature and pressure calculations
Wet liquidus temperatures were calculated for each HSR group using RhyoliteMELTS software (Gualda et al., 2012). Wet liquidus temperatures were calculated from
1–5 wt.% H2O at 200 MPa and 1–4 wt.% H2O at 150 MPa. Water content ranges were
chosen based on the experimentally determined water solubility in rhyolitic melts at ~850
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ºC (Wallace and Anderson, 2015). Rhyolite-MELTS software was unable to generate wet
liquidus temperatures for any Group composition at 150 MPa and 5 wt.% H2O, likely
because such water content is not soluble at depths as shallow as 150 MPa.
Storage temperatures were calculated using various equations from Putirka
(2008), such as the plagioclase-liquid, alkali feldspar-liquid, clinopyroxene-liquid, and
zircon-saturation geothermometers. Appropriate geothermometers for each Group were
chosen based on mineral assemblages determined by Streck and Grunder (1997). RST
HSRs have euhedral phenocryst phases (Streck and Grunder, 1997), and there is
homogeneity within phases (Streck and Grunder, 2008), suggesting these crystals were in
equilibrium with the host melt and, thus, are deemed acceptable phases for
geothermometers that involved crystal and liquid compositions (e.g., Putirka, 2008).
Mineral compositions determined by Streck and Grunder (1997) were used where
required, including the clinopyroxene-liquid, plagioclase-liquid and alkali feldspar-liquid
geothermometers. Whole rock compositions for all samples within a Group were used
where a liquid or glass composition was required, such as the clinopyroxene-liquid,
plagioclase-liquid, alkali feldspar-liquid, and zircon-saturation geothermometers. Water
content (wt.% H2O) does not influence results for alkali feldspar-liquid temperatures, so 2
wt.% H2O was entered into the calculation spreadsheet but essentially acted as a
placeholder. However, water content does make a notable difference in plagioclase-liquid
temperatures. It should be noted that HSR Group A is aphyric, but Streck and Grunder
(1997) found and analyzed three plagioclase phenocrysts. The single plagioclase-liquid
temperature reported for Group A comes from the average of temperatures calculated at 2
wt.% and 4 wt.% H2O. For the zircon-saturation geothermometer, the calculated
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maximum temperature represents the crystallization temperature if the sample does not
contain zircon or if it is unknown whether the sample contains zircon. If the sample is
known to contain zircon, the calculated minimum temperature represents the
crystallization temperature. Streck and Grunder (1997) determined that zircon is present
in all HSR Groups except for Group A.
Mineral separates of quartz, feldspar, titanomagnetite, and clinopyroxene from
each Group were targets for three oxygen isotope analysis using University of Oregon’s
Laser fluorination line with 35W Newwave CO2 IR laser run in O2 mode. Oxygen isotope
values were gathered to calculate storage temperatures. Samples chosen for this analysis
are from Streck and Grunder (1997), including MS-91-34E (Group E), MS-91-165A
(Group C), MS-91-173B (Group D), and MS-91-173C (Group E). No phenocrysts were
analyzed from Group A because it is aphyric. Titanomagnetite was separated and
analyzed for Groups B-E, clinopyroxene and feldspar were analyzed for Groups C-E, and
quartz was analyzed for Groups B and C. Temperatures were calculated using the
equation and appropriate coefficient (A) from Chiba et al. (1989) for quartztitanomagnetite (qtz-tmt), quartz-clinopyroxene (qtz-cpx), quartz-albite (qtz-alb), albiteclinopyroxene (alb-cpx), albite-titanomagnetite (alb-tmt), and clinopyroxenetitanomagnetite (cpx-tmt). It should be noted that coefficients from Chiba et al. (1989)
were experimentally determined under higher pressure (15–16 kbar) conditions than what
we estimate for the RST HSR magmas, so these are considered in addition to several
other geothermometers when determining magma storage temperatures.
Storage pressures were calculated using SiO2 wt.%, K2O wt.%, and Na2O wt.%,
representing quartz, albite, and orthoclase components. CIPW normative values for the
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average composition were calculated using the CIPW normative value calculator from
Bolte et al. (2015). These values were plotted on a haplogranitic Qtz-Ab-Or ternary
diagram (Holtz et al., 1992) to determine the storage pressures and equivalent storage
depth for each Group.
RESULTS
Recalculated geochemical data from previous studies
At first glance, plotting the original XRF and ICP-MS data from Streck and
Grunder (1997) with our new XRF and ICP-MS data showed significant offset between
several elements, most notably Zr and Nb, where older XRF concentrations for each
element were consistently higher than new ICP-MS concentrations (Fig. 3.3). Results
from calculating the percent difference (% diff.) between XRF and INAA data from
Streck and Grunder (1997) and our new XRF and ICP-MS data determined that Zr, Nb,
Ce, Pb, Sr, and Zr were elements that needed to be recalculated (Table 3.1). Ba was not
recalculated, because the large difference of 84% is only observed within the Group with
the lowest concentration of Ba, Group A. The percent difference of Ba in Groups B–E
ranges from only 2.9–0.2%. See Appendix A for full recalculation methods and all
recalculated values. These recalculated values are used from this point forward in the
study unless otherwise noted.
High-silica rhyolite general geochemistry
Based on the XRF and ICP-MS results, all 17 samples analyzed, including the two
homogeneous pumices, are high-silica rhyolites (>75 wt.% SiO2), except two band
separates (VS20-120A.2 and VS20-122G.2) that had between 70–73 wt.% SiO2. These
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may be a mixture of a dacite magma or mafic component in the system and, thus, are
excluded from analyses to focus on HSR petrogenesis.
In accordance with Streck and Grunder (1997), the majority of the HSRs appeared
to be broadly segregated into groups with compositional gaps, which is readily apparent
with respect to FeO*, Ba, Nb, and Zr compositions. Major element oxides other than
FeO* do not prove to be useful in segregating Groups, and the trace element variability
among all HSRs analyzed is astounding. See Appendix 3.B for full XRF and ICP-MS
results.
Identifying initial outliers and potential mixtures
Based on scatterplots of numerous elements and oxides, combined with reexamining the hand sample from which the material was separated, it was clear that some
separates were accidental physical mixtures of two or more Groups during the
preparation process (Fig. 3.4). It is beneficial to exclude these samples from the dataset
entered into the statistical analyses, because they will blur the geochemical distinction
parameters that would otherwise be clear in generating clusters.
Plotting geochemical data from VS20-120E.1 suggested it may be a mixture of
Groups A and B. Two band separates were analyzed from sample VS20-120E. Upon
closer examination of the hand sample from which the bands were separated, the separate
labeled as the lighter material (VS20-120E.1) seems to include material of possibly two
different magmas; one appears slightly lighter and more stretched than the other.
Band separate VS20-120E.2, the darkest band analyzed from sample VS20120E.2, appeared to be a potential mixture of D and E with some parameters like Ba and
Eu/Eu*, but it plotted with strong similarity to Group D with respect to elements like Nb
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and Zr. The dark grey material targeted for this band separate appears homogeneous, and
calculated mixing proportions range dramatically. Thus, we conclude that this band
separate is not likely to be a mixture of multiple magmas, and it is likely a Group D HSR
magma.
Scatterplots of geochemical data from VS20-122C.1 suggested it could be a
mixture of Groups A and B, but with a number of outlying concentrations with various
elements and oxides. Two band separates were analyzed from sample VS20-122C. The
pumice from which the material was separated has thinner, more convoluted banding
relative to other pumices analyzed, making physical isolation of one color or texture of
material difficult.
Sample VS20-120A.1 consistently plots between Groups B and C on element and
oxide scatterplots, but usually slightly more similarly to Group B. The hand sample of
this pumice has relatively thin and convoluted banding, so isolation of a single
composition was difficult in the preparation process.
Statistical compositional grouping of high-silica rhyolites and determining most
distinguishing parameters
To objectively determine how these HSRs would be grouped based on
composition, a PCA was first conducted on all samples (excluding the aforementioned
outliers). This resulted in the samples being placed into eight clusters (Fig. 3.5; Appx.
3.C). In accordance with findings from Streck and Grunder (1997), the PCA determined
that the most influential factors (PC1 > 1.5) in distinguishing the HSRs were Ba, Eu/Eu*,
Eu, FeO*, Hf, Zr, with Cs, Nb, Rb, Ta, Th, Y, and Yb also being identified as significant
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factors (PC1 < -1.5). Scatterplots verify the significance of these parameters in clustering
the samples.
A kmeans cluster analysis without presetting the desired number of clusters
resulted in HSRs being placed into eight clusters (Fig. 3.5; Appx. 3.C). As the PCA
indicated, the primary components that influenced cluster formation were Ba, Eu/Eu*,
FeO*, Zr, and Nb. All 11 samples categorized into cluster 6 were those identified as
Group A by Streck and Grunder (1997) and samples from this study with the lowest Ba
(10–51 ppm), Eu/Eu* (0.18–0.22), FeO* (0.74–0.89 wt.%), and Zr (161–182 ppm), and
the highest Nb (31.6–36.2 ppm). This also includes homogeneous white pumice VS20122J, obsidian sample RNL1903. All samples within cluster 6 are considered Group A
HSRs. Granite lithic fragment MS-20-05 was not included in the kmeans cluster analysis,
but it possesses compositional similarity to Group A and will be categorized as such.
All 10 samples categorized into cluster 8 were those identified as Group B in
Streck and Grunder (1997) and samples from this study with 115–225 ppm Ba, 0.24–0.29
Eu/Eu*, 1.14–1.38 wt.% FeO*, 242–308 ppm Zr, and 27.2–29.0 ppm Nb. All samples
within cluster 8 are considered Group B HSRs.
All 13 samples categorized into cluster 4 were those identified as Group C in
Streck and Grunder (1997) and samples from this study with 367–730 ppm Ba, 0.30–0.42
Eu/Eu*, 1.37–1.80 wt.% FeO*, 338–375 ppm Zr, and 24.1–26.3 ppm Nb. This also
includes homogeneous light grey pumice VS20-120H. All samples within cluster 4 are
considered Group C HSRs.
Two of the three ‘Group D’ samples from Streck and Grunder (1997) that could
be included in the kmeans cluster analysis were included in cluster 7, as well as six other
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samples from this study. Compositions for samples within cluster 7 are 1201–1274 ppm
Ba, 0.44–0.48 Eu/Eu*, 1.57–1.85 wt.% FeO*, 389–401 ppm Zr, and 21.9–23.0 ppm Nb.
All samples within cluster 7 are considered Group D HSRs. Two samples from this study
were categorized into cluster 5, including VS20-122H.3 with 1370 ppm Ba, 0.49 Eu/Eu*,
1.95 wt.% FeO*, 401 ppm Zr, and 23.6 ppm Nb, and VS20-122A.2 with 1298 ppm Ba,
0.47 Eu/Eu*, 1.83 wt.% FeO*, 397 ppm Zr, and 22.8 ppm Nb. VS20-120E.2 is the only
sample within cluster 1, with 1541 ppm Ba, 0.53 Eu/Eu*, 1.94 wt.% FeO*, 410 ppm Zr,
and 22.8 ppm Nb. Sample RT4A, originally identified as a ‘Group D’ sample in Streck
and Grunder (1997), is the only sample categorized within cluster 3. RT4A has 1116 ppm
Ba, 0.47 Eu/Eu*, 1.95 wt.% FeO*, 400 ppm Zr, and 21.5 ppm Nb.
Slight variances in the compositions of VS20-120E.2, RT4A, VS20-122H.3, and
VS20-122A.2 provide an explanation for why the statistical analysis essentially
categorized these samples as separate and distinct groups and how this can be reconciled.
RT4A was originally categorized as a Group D HSR in Streck and Grunder (1997). The
PCA identified Ba as one of the top five most influential components for distinguishing
rhyolites. Both VS20-120E.2 and RT4A plot with striking similarity to Group D samples
in almost all compositional parameters, except for Ba, where there are slight variations
(~85–270 ppm difference). The broad similarity but variance in one critical element may
be the cause for RT4A and VS20-120E.2 being isolated from all other Groups. Cluster 5
consisted of only two samples: VS20-122H.3 and VS20-122A.2. With respect to the most
distinguishing parameters (e.g., Zr, Eu/Eu*, Nb), these samples plot similarly to Group
D. These samples only vary slightly from Group D composition with respect to a few
elements, such as Ta, TiO2, FeO*, and Ba. As with samples VS20-120E.2 and RT4A,
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these few and slight variations may have been sufficient to result in a categorization as a
separate cluster in the analysis. We conclude that the four samples distributed among
kmeans clusters 1, 3, and 5 should be combined with those in cluster 7, and all should be
considered Group D HSRs.
All 12 samples categorized into cluster 2 were those classified as Group E in
Streck and Grunder (1997) and samples from this study with the highest Ba (1835–1999
ppm), Eu/Eu* (0.56–0.68), FeO* (1.83–2.18 wt.%), and Zr (420–451 ppm), and the
lowest Nb (21.1–22.7 ppm). All samples within cluster 2 are considered Group E HSRs.
High-silica rhyolite pumices in this study
In total, there are 12 samples classified as Group A, 11 as Group B, 14 as Group
C, 14 as Group D, and 12 as Group E (Fig. 3.5). Samples VS20-120E.1 and VS20122C.1 are classified as mixtures of Group A and B magmas, and sample VS20-120A.1
is considered a mixture of B and C magmas with some possible contamination of the
low-silica VS20-120A.2 magma. The two homogeneous pumices included in this study
possess compositions that strongly represent a single HSR Group type: VS20-120H, a
light grey, minimally stretched pumice is composed of Group C magma, and VS20-122J,
a white, super stretched pumice, is composed of Group A magma.
Individual banded pumices contain at least two and as many as four HSR magma
types (Fig. 6; Appx. D). For example, VS20-122B contains bands of Group C and D
magmas, VS20-120C contains Group A, C, and E magmas, and VS20-122E contained
Group B, C, D, and E magmas. As previously mentioned, material was separated from a
pumice and considered a unique band relative to the other bands in an individual sample
if it possessed a discernable difference in color and/or texture. Each analyzed separate
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did, in fact, represent a distinctly different composition to other bands within that sample,
except for the accidental physical mixtures.
Analyzing high-silica rhyolites as Groups
Average compositions (Table 3.2) were used in mass balance equations to
produce mixing lines based on mixing proportions in intervals of 10% from 90-10% (Fig.
7) as one possible test to determine whether mixing of endmember Groups can produce
intermediate Groups (i.e., mixing of Group C and Group A to produce Group B). These
calculations failed to produce intermediate compositions, most notably with
concentrations of La, Sm, Ba, FeO*, Eu/Eu*, TiO2, and Al2O3. Band separates previously
identified as outliers or potential mixtures, including VS20-120E.1, VS20-122C.1, and
VS20-120A.1, notably fell on or near some of these mixing lines. However, because
standard mixing lines are calculated based only on the concentrations of two elements at
a time, they alone are not enough to conclusively state whether these outlier analyses are
or are not simply mixtures of multiple Groups.
In order to determine whether these outliers are, in fact, some mixture of two
Groups, a simple mixing equation was arranged to calculate the potential mixing
proportions of each element
proportion (%) of X in mixture =

𝐶!"# – 𝐶$
⋅ 100
𝐶% – 𝐶$

where Cmix is the element concentration of the potential mixture, CX is element
concentration of one endmember composition in the mixture, and CY is the element
concentration of the other endmember composition in the mixture. This equation is
arranged such that the resulting value is the percent of CX in the mixture. The calculated
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average composition for each Group was used to address each sample of interest. If a
sample is a mixture of two endmember components, the calculated proportions of each
element should be similar (within ~10%).
It should be noted that mixing proportion calculations, though a common method
for determining the likelihood and proportions of mixture between two materials, do not
provide meaningful results when the two materials of interest possess great similarity.
Especially for trace elements of low concentrations (<10 ppm), small variations will
result in a wide range of mixing proportions. For example, Group A has an average of
2.25 ppm Tb and 4.55 ppm U, and Group B has an average of 2.62 ppm Tb and 3.36 ppm
U. When calculating the mixing of A and B to make VS20-122C.1 with 2.29 ppm Tb and
3.63 ppm U, the resulting proportions are low for Tb (~10%) and are high for U (~79%).
With this noted, we report all results, and it is apparent that La, Ce, Nd, Sm, Eu, Hf, and
Zr are most consistently within a ± 10% range of mixing proportions calculated for each
given sample.
Calculated mixing proportions for VS20-120E.1 vary widely overall from ~10–
85%. However, of the 21 trace elements analyzed, 14 (La, Ce, Nd, Sm, Eu, Tb, Th, Hf,
Ta, U, Rb, Cs, Sc, and Zr) fall within the range of an ~27–45% proportion of Group A
mixed with Group B.
Mixing proportions calculated for VS20-122C.1 also range widely from ~10–
80%. Of the 21 trace elements analyzed, seven (La, Ce, Nd, Sm, Eu, Hf, and Zr) fall
within the range of an ~27–41% proportion of Group A mixed with Group B. Five other
trace elements (Lu, Ba, Th, Rb, and Cs) fall within the range of ~62–71% proportion of A
mixed with B.
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Calculated mixing proportions for VS20-120A.1 overall range between ~18–67%,
with 9 of 21 trace elements calculated to have an ~52–67% proportion of Group C mixed
with Group B, including La, Ce, Nd, Sm, Eu, Tb, Ba, Ta, and U. Calculating mixing
proportions to test if VS20-120A.1, instead, could be a mixture of A and D also displayed
large overall variance (~18–80%) but slightly better results, where 11 of the 21 trace
elements (La, Ce, Nd, Th, Nb, Hf, Ta, U, Rb, Cs, and Zr) ranged between 64–80%
proportion of Group A mixing with Group D. As mentioned previously, compositional
analysis of VS20-120A.2 revealed that it is not a HSR, with only ~73 wt.% SiO2.
Inability to generate a reasonable mixing proportion of any magma types to generate
VS20-120A.1 may be because it is a product of mixing with a non-HSR magma, possibly
such as a dacite magma.
Pressure and temperature calculations
Wet liquidus temperatures were calculated using the average composition of
rhyolites within each Group. Temperatures determined using Rhyolite-MELTS (Gualda
et al., 2012) when conditions varied from 150–200 MPa and 1–5 wt.% H2O show mostly
a decrease in calculated range overall from Group E to Group A, where Group E
temperatures range from ~850–970 ºC, from ~833–970 ºC for Group D, ~812–975 ºC for
Group C, ~790–980 ºC for Group B, and ~768–990 ºC for Group A (Fig. 3.8). Varying
water content has a greater impact on calculated wet liquidus temperatures than varying
pressure. The lowest water contents produce the highest temperatures for each Group. At
1 wt.% H2O at both 200 MPa and 150 MPa, the overall trend shows a decrease in
temperature from Group A to Group E. At 2 wt.% H2O at both 200 MPa and 150 MPa,
there is no discernable trend in wet liquidus temperatures from Group A to Group E.
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With 3–5 wt.% at pressures where applicable, the trend shows a general increase in
temperature from Group A to Group E.
Calculations from the Putirka (2008), δ18O, and Jorgensen et al. (2021)
geothermometers yielded average storage temperatures for all Groups from ~600–1300
ºC, with temperatures increasing from Group A to Group E (Fig. 3.8; Table 3.3). Pressure
variations had little impact on the resulting temperature when using the plagioclase-liquid
geothermometer for Group A, so the calculations were performed at 200 MPa.
Considering all calculated temperatures, temperatures range from 787–842 ºC for Group
A, 792–896 ºC for Group B, 811–1135 ºC for Group C, 600–981 ºC for Group D, and
800–1300 ºC for Group E. All δ18O results are considered accurate except for the
titanomagnetite value for Group E (Table 3.4). δ18O of titanomagnetite for Groups B, C,
and D were 2.79 ‰, 2.83 ‰, and 2.71 ‰, respectively, and was 4.17 ‰ for Group E.
The relatively high δ18O value for Group E is likely due to an impure titanomagnetite
separate.
Plotting CIPW normative values for average Group compositions on the Qtz-AbOr ternary diagram resulted in a wide range of pressures (Fig. 3.9), with Groups A and C
at ~200 MPa (~7 km depth), Groups B and D at ~500 MPa (~17 km depth), and Group E
at ~600 MPa (~21 km depth). The obsidian sample categorized as Group A (sample
RNL1903) and the granitic lithic fragment (sample MS-20-05) with a similar
composition to Group A were also plotted on the Qtz-Ab-Or ternary and yielded
pressures of ~175–200 MPa (~5–7 km depth). XRF analysis of the obsidian sample had a
significantly low percent loss-on-ignition (LOI ~ 0.6%), so the nearly 1:1 Na/K ratio is
considered as a representation of the true Na/K ratio for Group A. Therefore, the pressure
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estimates for the granite and obsidian samples are interpreted as more accurate for Group
A. All high-silica rhyolite pumices have higher LOI (~2-4%) and variable Na/K ratios
and thus are likely affected by alkali exchange (cf. Streck and Grunder, 1997). Hence,
this skewing of the Na/K ratio is assumed to be the case for all RST HSRs, so Na/K ratios
were adjusted to 1:1 for each Group average and plotted on the same Qtz-Ab-Or ternary.
After these adjustments, Group B and C are also at ~200 MPa (~7 km depth), but Group
D remained at ~500 MPa (~17 km depth), and Group E remained at ~600 MPa (~21 km
depth).
The clinopyroxene “cpx no liquid” geobarometer from Jorgenson et al. (2021)
was used to calculate storage pressures for Groups B–E, because these Groups contained
clinopyroxene (Fig. 3.9). Clinopyroxene compositions come from INAA of 100-300
grains by Streck and Grunder (1997). Group B clinopyroxenes had a calculated pressure
of 175 MPa (~6.13 km depth), 217 MPa (~7.52 km depth) for Group C, and 200 MPa (~
7.00 km depth) for Groups D and E.
DISCUSSION
Understanding crystallization and storage conditions
Detailed compositional analysis (XRF and ICP-MS) of RST HSRs and
subsequent statistical analysis in this study confirms the compositional Groups and
compositional gaps first proposed by Streck and Grunder (1997). There is little evidence
for mixing among these Groups observed in the geochemical data, which agrees with the
conclusion of Streck and Grunder (1995) that these banded pumices represent distinct
magmas that erupted together during the same eruption.
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We consider all calculated storage temperatures between 700 ºC and 1000 ºC to
be valid, and thus, only temperatures within this range are included when calculating the
average storage temperatures for each Group (Table 3.3). The significantly high
clinopyroxene-titanomagnetite and albite-titanomagnetite temperatures of about 1166 ºC
and 1300 ºC, respectfully, for Group E reflect the erroneously high δ18O titanomagnetite
value for Group E. Temperatures from thermometers that involve albite vary widely and
produce unrealistically low temperatures like 600 ºC and unrealistically high
temperatures like 1135 ºC for Group C. These erroneous temperatures are likely related
to these thermometers from Chiba et al. (1989) being calibrated for high-pressure
conditions. Additionally, Chiba et al. (1989) does not provide thermometers for Nasanidine or anorthoclase feldspars. Albite thermometers were used because it was the
closest composition to feldspars within the RST HSRs. However, this could also explain
the wide range of calculated temperatures. Other calculated temperatures for Group D
and E indicate similar storage temperatures, so it is assumed that the quartztitanomagnetite and albite-titanomagnetite temperatures for Group E would likely be
similar to Group D. Thus, when calculating the average storage temperature for Group E
assumes the same albite-clinopyroxene and albite-titanomagnetite temperatures of Group
D. The average calculated storage temperature for Group A is 805 ± 38 ºC, Group B is
826 ± 42 ºC, Group C is 877 ± 60 ºC, Group D is 880 ± 63 ºC, and Group E is 895 ± 73
ºC (Table 3.3).
All calculated storage temperatures using phase-liquid equations from Putirka
(2008) suggest a broad increase of ~805 ºC to ~895 ºC from Group A to Group E. This
agrees with estimated temperatures from Streck and Grunder (1995; 1997) ranging from
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~800–880 ºC. The Jorgenson et al. (2021) clinopyroxene no-liquid geothermometer
results for Groups B-E are comparatively low, which may be due to the general increase
in Fe at lower temperatures and the significance of Fe concentration in the pressure
calculation.
Assuming this overall temperature increase from Group A to Group E is accurate,
then wet liquidus temperatures would parallel this trend at greater water contents (≥ 3
wt.% H2O), implying either that all RST HSR magmas contained a minimum of 3 wt.%
H2O or that water content must decrease from Group A to Group E. Combining wet
liquidus temperatures with storage temperatures, Group E magma is the hottest, and
magmas get progressively slightly cooler to Group A magmas.
Various geobarometers (Holtz et al., 1992; Jorgenson et al., 2021) show a slight
increase in pressures from Group A to Group E, where Group A was stored at ~6.1 km
depth and Group E was stored at a ~7 km depth. With calculated temperatures varying
among different geobarometers, it can be generalized that these magmas were generated
and stored at approximately similar depths of ~6.5 km.
Melt densities for each HSR magma were calculated to further understand how
these magmas would reside together in the crust (Fig. 10). Melt densities are expected to
increase with increasing Fe content, so a decrease in density is expected from Group E
with the highest average FeO* content (~2 wt.%) to Group A with the lowest average
FeO* content (~0.8 wt.%). Keeping temperature, pressure, and water content consistent
among all Groups (800 ºC; 200 MPa; 3 wt.% H2O), calculated melt densities for adjusted
and pre-adjusted Na/K ratios differed only slightly (~0.005–0.008 g/cm3). Restoring the
Na/K ratio to 1:1 (to make up for a slight Na-K exchange during glass hydration, cf.
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Streck and Grunder, 1997) resulted in a slight decrease in densities that ranged from
~2.269–2.246 g/cm3 from Groups E–A. Continuing to use the compositions with the
restored Na/K ratio, densities calculated at 800 ºC, 3 wt.% H2O, and decreasing 245–125
MPa from Groups E-A displayed an overall decrease (~2.284–2.251 g/cm3) that
highlights the decrease of density at lower pressures, particularly with Groups A and B.
Densities calculated at 200 MPa, 3 wt.% H2O, and average storage temperatures for each
Group (from Group E at 895ºC and Group A at 805ºC) also showed little variation
compared to conditions where temperatures among Groups were consistently at 800 ºC.
However, as expected, increasing temperature decreased the density of these magmas, so
the calculated range of densities between less evolved (Group E) and more evolved
(Group A) magmas becomes slightly muted (~2.271–2.259 g/cm3). Keeping temperature
(800 ºC) and pressure (200 MPa) consistent among Groups but increasing the water
content from 2–4 wt.% H2O from Group E to Group A resulted in a drastic difference in
calculated melt densities, where densities decreased from Group E (~2.318 g/cm3) to
Group A (~2.227 g/cm3). These results show that water content is the most significant
variable influencing melt densities of these HSR Groups. However, since increasing
water content and temperature can have opposite effects on density, densities were also
calculated where all three parameters were adjusted using our new pressure, temperature,
and water content estimates. When using average storage temperatures for each Group,
increasing pressure 125–245 MPa from Groups A-E, and decreasing water contents 2-4
wt.% form Groups A-E, the overall trend was similar to when only varying water
contents among Groups, but densities for each Group were slightly lower, ranging from
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~2.217 g/cm3 for Group A and ~2.310 g/cm3 for Group E. These calculations underscore
the significance of water content on the densities of RST HSRs.
If water content does, in fact, increase 2-4 wt.% from Group E to Group A and we
assume storage pressures of 200 MPa for all Groups, then calculated wet liquidus
temperatures also show an overall increase of ~115 ºC: ~905 ºC for Group E, ~870 ºC for
Group D, ~835 ºC for Group C, ~821 ºC for Group B, and ~798 ºC for Group A (Fig.
3.11). These temperatures are approximately within the range of calculated storage
temperatures for each Group (Fig. 3.8).
Evaluating evidence for magma configurations
Combining the plethora of previously acquired data and data from this study
provides a wealth of information on magma storage conditions that can be useful in
deciphering the magma storage configuration of the RST. However, it is apparent that the
RST is derived from a complex system. From here, we synthesize all data to propose the
most likely magma storage configuration of the RST.
Evidence supporting HSR storage in a single holding zone
Streck and Grunder (1997) and Streck (2002) presented detailed geochemical and
modeling evidence that Group E is a product of melting of mafic crust, and subsequent,
increasingly more evolved Groups are a result of fractionation from the HSR preceding it
(e.g., Group D is a product of fractionation of Group E magma, Group C is a product of
fractionation of D magma, etc.). Compositional trends, particularly among FeO, TiO2,
Al2O3, La, Zr, and Ba, agree more with a fractional crystallization scenario than magma
mixing (Fig. 3.7). The phenomena that are difficult to reconcile with a model of crystal
fractionation concentrated occurring primarily on the roof of the chamber are the
170

presence of the compositional gaps between HSR Groups and the physical aspect of melt
extraction along a crystallizing roof mush zone.
Systems comprised of multiple crystal-rich and crystal-poor magma lenses seem
plausible in a scenario where multiple distinct rhyolite compositions are erupting from
the same conduit simultaneously (e.g., Cashman and Giordano, 2014; Synamowski et al.,
2019). Arakawa et al. (2019) used differences in An content and Mg# to estimate storage
pressures (200–350 MPa or ~7.0–12 km depth) of the four different types of rhyolite that
erupted from three different volcanoes within the Taupo Volcanic Zone, New Zealand,
over the last ~100 ka, and they concluded that each rhyolite was generated within a
separate, shallow reservoir. Previous work on Snake River Plains rhyolites by Ellis and
Wolff (2012) ascribed variations in trace element compositions and presence of two
pyroxene compositions to magmas being physically separated in two adjacent magma
bodies, and they concluded that crystal aggregates found within the rhyolites represented
the crystallizing rinds of these magma bodies. RST HSRs are notorious for their subtle
differences in major element oxides but striking progressive variability in trace element
compositions and considerable variations in mineral compositions among comparable
mineral assemblages (Streck and Grunder; 1997; 2008). If there was any solid interface
or crystal mush lenses between HSR magma chambers or crystal-poor lenses, one would
expect to find greater abundance of granitic crystal-rich lithic fragments or crystal-rich
inclusions within these HSRs, or at least one would need to see variable and high
phenocryst content rather than near 1% or less throughout. There is no evidence for any
of this (Streck and Grunder 1995; 1997; 1999) aside from the one granite lithic fragment
found in the outcrop of interest in this study. In other words, although fractional
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crystallization trends support melt separation from some crystal framework between
HSRs, draw-up during the eruption of the RST did not reach any marginal mush zone that
must have existed based on available evidence.
From a structural standpoint, magma reservoirs separated by a sufficient volume
of solid or mush interface to inhibit mixing is difficult to reconcile in the context of a
single caldera eruption. If eruption is driving magmas to finally come in contact in a
common conduit, this type of model is lacking an evacuating-reservoir into which the
overlying crust can subside.
There is currently work in progress (Grunder et al., 2021) also using banded
pumices from this study to assess RST magma ascent rates by calculating diffusion rates.
According to Grunder et al. (2021), diffusion times range from 2 to 40 minutes, and in
one case, 300 minutes, implying a minimum magma ascent rate of 0.2 m/sec, assuming
the travel distance from chamber to surface is ~3 km. Data from this study suggest HSR
magmas were stored at greater depths, so this rate may be an underestimate. Grunder et
al. (2021) also stated that preliminary results display a trend where diffusion was slightly
greater between less evolved, hotter magmas (i.e., D and E) than more evolved, cooler
magmas (e.g., B and A). This trend supports a model where the earliest, less evolved
magmas like Groups D and E were in contact for slightly longer than later, more evolved
magmas like B and A, suggesting that D and E ascended from greater depth than A and
B, implying different times of magma juxtaposition to one another during mingling as
eruption initiated.
A range of calculated storage depths (~6.1–7.0 km) and average storage
temperatures increasing from Group A to Group E (~805–895 ºC) support HSR magmas
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being stored in a single holding zone, where Group E magma is nearest to the heat
source. This parallels findings from Streck and Grunder (1995; 1997; 1999; 2008)
regarding the RST magma system and configuration with respect to the mafic magmas
that were drawn up during the eruption as well. However, if these magmas develop and
reside in a single holding zone as originally suggested by Streck and Grunder (1995;
1997), there must be a parameter inhibiting mixing of these magmas.
Turning to well-studied and observable liquid systems, Boehrer and Schultze
(2008) state that a body of water is considered meromictic when it remains permanently
stratified, and the pycnocline is the boundary between the two layers that will not mix
because of a notable variation in density. If the density difference is greater than ~0.004
g/cm3, then convection will occur within a single layer but not between layers to cause
mixing (Boehrer and Schultze, 2008). When densities are calculated by adjusting only
one variable and keeping others constant (pressure, temperature, or water content) among
each HSR, decreasing pressure from E to A results in little density variation, and the
same observation is made with increasing temperature from E to A (Fig. 3.10). Variations
in water content most significantly impact magma density. When using the average
storage temperature for each HSR Group, a pressure of 200 MPa, and increasing water
content from 2–4 wt.% H2O from Group E to Group A, density differences range from
0.018–0.025 g/cm3. Increasing water content has the opposite effect on density as
decreasing temperature (Wallace and Andersen, 2015), so it is useful to calculate HSR
densities when these two contrasting parameters are influencing the result. It should be
noted that no precise water contents have been reported for each RST HSR, and the water
contents chosen are based on new and previous temperature and compositional data. If
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the phenomena of meromixis can be applied to high-silica melts within a magma body,
then our calculations indicate that it is possible for density differences to hinder mixing
between HSR Groups, and thus, variations in water content among HSR Groups may
play an important role in the dynamics of the magma storage system.
Christiansen (2005) explained the significance of viscosity and water content with
respect to magma chamber dynamics and the development of compositionally distinct
silicic magmas. Hot, water-poor, crystal-poor rhyolites with a low enough viscosity (<106
Pa s) can allow for uninhibited crystal-liquid separation to occur, where differentiation is
primarily focused on the floor and sides of the magma chamber (Christiansen, 2005).
Christiansen (2005) explains that this sidewall crystallization and rise of less-dense
magma can result in a large, vertically zoned chamber, and the parameters necessary
typically occur within A-type silicic magmas generally associated with hotspots. The
RST is an A-type, crystal-poor rhyolite (Streck and Grunder, 1995; 1997). Applying the
model for viscosity of volatile-bearing melts developed by Giordano et al. (2008) to RST
HSRs under the same temperature (800 ºC) conditions and water contents (3 wt.% H2O),
there is little variability among HSRs (Fig. 3.12). However, when altering water content
from 2–4 wt.% from Group E to Group A, melt viscosities significantly increase from
Group A (105.45 Pa s) to Group E (106.60 Pa s). When viscosities are calculated using
average storage temperatures for each Group and increasing water content 2–4 wt.% from
Group E to Group A, viscosities increase overall from Group A (105.40 Pa s) to Group E
(105.60 Pa s), and all viscosities are <106 Pa s. However, Group C has the lowest viscosity
of 105.29 Pa s. Additionally, like water content, increased concentrations of fluorine will
decrease magma viscosity (Wallace and Anderson, 2015). Streck and Grunder (1997)
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report high fluorine concentrations in several biotite grains found in Groups B, D, and E.
Though the source of these sparse biotite grains is not certain, if they are part of the
magma system and were not inherited during eruption, elevated fluorine contents in these
biotites would reflect elevated fluorine contents of the magma, corroborating the low
viscosities calculated for RST HSRs. No fluorine concentrations have been reported for
RST HSR magmas, so we do not enter any fluorine contents in our viscosity calculations.
These parameters further validate a model like that proposed by Streck and Grunder
(1995; 1997), where crystallization can occur around all margins of the magma chamber,
and a model still seems plausible where each HSR develops from one another primarily
through crystal fractionation, and density differences result in convection occurring
within and not between compositional layers in a single magma chamber (Fig. 3.13). This
model would also agree with the lack of country rock and granitic lithic fragments found
within the RST.
Studies such as Grunder et al. (1987) have calculated Rayleigh numbers to
determine whether a compositionally heterogeneous magma chamber will convect based
on parameters like thickness, density, and viscosity of the different magmas. Grunder et
al. (1987) states that convection will occur within magma layers when the Rayleigh
number exceeds the critical value of 2000 (Sleep and Langen, 1981; Christiansen, 1985).
Rayleigh numbers were calculated for Groups A, B, C, and D using our calculated
densities, temperatures, and viscosities, and using the thermal diffusivity value for highsilica rhyolites of 6.55 x 10-7 m2/sec from Romine et al. (2012). Rayleigh numbers were
>2000 when thicknesses exceeded 1.1 m. Inferring a magma chamber diameter of 15 km
and chamber volume of 300 km3 from Streck and Grunder (1995), the thickness of the
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entire chamber would be ~1.7 km or ~1700 m. If assuming all five HSR magma layers
are the same thickness, each layer would be ~340 m thick. These calculations imply that
convection must have occurred within the RST magma system. If the magmas lie
juxtaposed within the same storage zone, convection would have had to occur within
each layer and not between layers to produce the banded HSR pumices shortly prior to
and during eruption.
In this model similar to Streck and Grunder (1995; 1997) where RST magmas are
residing in a single storage zone (Fig. 3.13), all HSR magmas are drawn up together
during eruption. Boundaries between HSR Group magmas are disturbed, but magmas
only mingle with little to no physical mixing. Magmas erupting through ring fractures
allowed for simultaneous evacuation of all magma compositions, resulting in the
observed range of homogeneous, single-composition pumices to pumices with multiple
band compositions in a variety of arrangements.
Alternatives to consider
Hildreth (2004) described several crystal-poor HSRs of the southeastern cluster of
Long Valley Caldera that erupted over a span of ~75 kyr as more likely a product of
extraction from a felsic, crystal-rich mush, because of the euhedral nature of the small,
sparse phenocrysts and the lack of xenocrysts or any signs of resorption textures.
Similarly, effusive, compositionally distinct rhyolites at Yellowstone have erupted over a
period 100–200 kyr within the earlier caldera (Girard and Stix, 2010). Rhyolite centers
can erupt distinct rhyolites over short periods within a restricted area, and it is known that
complex ignimbrites can preserve evidence for evacuating multiple magmatic systems
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including distinct rhyolites that were tapped from different parts of the caldera (Swallow
et al., 2019).
So, we must consider the possibility that the compositional trend of RST HSRs is
not a liquid line as a result of fractionation, but instead, each HSR is generated
independently and that smooth compositional trends of the HSR are fortuitous, yet solely
due to different sources. For example, Metz and Mahood (1991) ascribe significant trace
element variability among rhyolite lava compositions from Glass Mountain and the Long
Valley Caldera magma system to rhyolites developing with variable degrees of crystal
fractionation and partial melts of upper crust. We have modeled what batch melting
would produce from various compositions known to reside in the regional crust (Fig.
3.14). Batch melting of Oligocene dacites, Hunter Creek Basalt, or Upper Steens Basalt
can produce Group A compositions. Batch melting of Oligocene dacites can possibly
produce Group B (F = 25–30%), C (F = 30–45%), D (F = 30–50%), and E (F = 40–60%).
Batch melting of Hunter Creek basalt can possibly produce Groups B (F = 50–55%) and
C (F = 55–65%), but not Groups D and E. Batch melting of Upper Steens can possibly
produce Groups C (F = 40–45%), D (F = 40–50%), and E (Streck, 2002), but not B.
Batch melting of various types of crustal and terrane rocks can produce Group A (F = 10–
30%), B (F = 10–40%), C (F = 40–50%), and D (F = 15–45%), but it is difficult to
produce Group E from batch melting of any of these crustal rocks. Overall, these results
suggest, from a mathematical standpoint, that HSR Groups can develop independently
from each other, and it lends to the possibility that the most evolved RST HSRs can come
from fractional crystallization of a granitic mush (as potentially represented by the felsic
crust in Fig. 3.15).
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If these magmas can be produced from various sources in the crust, one must
explain how they become arranged in order to remain compositionally isolated but
eventually erupt together. Considering the possible potential sources of each HSR from
batch melt modeling, we have put forth an alternative model where rhyolites develop
independently from one another based on known variabilities within the regional crust
during this time (Fig. 3.15). In this scenario Group E and D magmas come from batch
melting of Upper Steens Basalts, Group C and B magmas could come from batch melting
of Oligocene dacites, and Group A magma comes from batch melting of felsic regional
crust. Eventually, we would still need a single density-stratified magma chamber that was
assembled by HSR originating from their respective source likely in sequence but where
density differences allow these HSR magmas to reside juxtaposed to one another in the
crust and continue to crystallize the equilibrium mineral assemblage that we observe
without mixing between layers. This model would involve magmas eventually residing in
a single holding zone with compositional boundaries mainly disturbed during eruption. In
this alternative model, the focus is not the feasibility of generating each rhyolite from a
distinct source but what conditions keep rhyolite magmas from erupting and instead
favoring them to assemble into a contiguous crystal-poor magma reservoir.
As in the model where RST HSRs reside within a single storage zone prior to
eruption, these alternative models must also involve boundaries between HSR Groups
mingling with little to no physical mixing. Evacuation of all HSRs through the caldera
ring fractures rather than a single vent during eruption would allow for ejection of
homogeneous magmas and multiple magmas in different portions of the vent structure, as
observed by Streck and Grunder (1995; 1997).
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CONCLUSIONS
Geochemical and statistical analysis from this study confirms the Rattlesnake Tuff
(RST) high-silica rhyolite (HSR) is composed of five compositionally distinct,
increasingly evolved HSR magmas that compose the RST, with compositional gaps
between Groups, as stated in Streck and Grunder (1995; 1997), and that the most
significant parameters in distinguishing these Groups are variations in Ba, Eu/Eu*, Eu,
FeO*, Hf, and Zr. We have also verified conclusions from Streck and Grunder (1995;
1997) that intermediate Groups are not a result of mixing of endmember Groups.
Individual banded pumices can contain up to four different Group compositions,
and compositions are sometimes not consecutive (e.g., A, C, and E). Calculated wetliquidus temperatures, storage temperatures, and storage pressures indicate that these
HSRs were stored in similar conditions (~6.1–7.5 km depth; ~805–869 ºC).
Crystal fractionation trends, similar storage temperatures and pressures, and lack
of crystal-rich inclusions, granitic inclusions, or country rock corroborate existing models
for RST HSRs that involve a single, density-stratified magma chamber more so than
models where HSR magmas are separated by country rock or multiple crystal-rich
frameworks. When temperature and pressure decrease and water content increases from
Groups E-A, the density difference between adjacent Groups is significant enough to
prevent convection between layers of different HSRs in a single chamber. RST HSR
magma viscosities are low enough to allow for uninhibited crystal-liquid separation,
where differentiation can be primarily focused on the floor and sides of the magma
chamber. Density and compositional boundaries would be disturbed during eruption,
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allowing magmas to mingle with minimal mixing during eruption to produce both the
homogeneous and banded pumices that contain multiple HSR compositions.
Alternatively, if HSRs do not represent a liquid line, it is possible to generate RST
HSRs through batch melting of older plutonic material and other types of country rock
within the regional crust. In this scenario, Group E and D magmas come from batch
melting of Upper Steens Basalts, Group C and B magmas come from batch melting of
Oligocene dacites, and Group A magma comes from batch melting of felsic regional
crust. Density differences would be great enough to allow one more evolved, highersilica magma to buoyantly ascend through a less evolved, lower-silica magma. Density
differences allow these HSR magmas to reside juxtaposed to one another in the crust and
continue to fractionate without mixing between layers, and compositional boundaries
would be disturbed during eruption, generating the observed banded HSR pumices.
Whether these rhyolites are generated primarily via crystal fractionation from one
another, are batch melts from different sources within the regional crust, or are some
combination of both processes, these data suggest that a feasible magma configuration
for RST HSRs must ultimately involve the five HSRs becoming juxtaposed in the same
storage zone prior to eruption. Water content and density variations are clearly a critical
component in keeping these HSR magmas from mixing prior to eruption.
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TABLE 3.1. EXAMPLES OF RECALCULATIONS TO STRECK AND GRUNDER (1997) XRF AND INAA DATA
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TABLE 3.2. AVERAGE GEOCHEMICAL COMPOSITIONS FOR RATTLESNAKE TUFF HIGH-SILICA RHYOLITE GROUPS
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TABLE 3.3. CALCULATED CRYSTAL, CRYSTAL-LIQUID, AND OXYGEN ISOTOPE TEMPERATURES (°C)

TABLE 3.4 OXYGEN ISOTOPE ANALYSIS RESULTS
HSR Group Sample ID
Mineral
δ 18O
B
MS-91-34E
magnetite
2.79
B
MS-91-34E
quartz
7.42
C
MS-91-165A
magnetite
2.83
C
MS-91-165A
clinopyroxene
5.28
C
MS-91-165A
quartz
7.44
C
MS-91-165A
feldspar
6.20
D
MS-91-173B
magnetite
2.71
D
MS-91-173B
clinopyroxene
4.97
D
MS-91-173B
feldspar
6.35
E
MS-91-173C
magnetite
4.17
E
MS-91-173C
clinopyroxene
5.61
E
MS-91-173C
feldspar
6.77
Samples are from Streck and Grunder (1997), reanalyzed for
this study. Group A high-silica rhyolite is considered aphyric.
See Loewen and Bindeman (2015) for three oxygen isotope
methods.
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Figure 3.1 Extent of outcrops of the Rattlesnake Tuff (RST) and pumices in situ.
Banded pumices can be found throughout the RST, but the sampling area for this study is
a location where the pumices are large and most abundant. Mapping compilation is from
the Oregon Department of Geology and Mineral Industries (DOGAMI), Streck and
Grunder (1995), and more recent mapping from EdMap projects completed by Rachel
Sweeten, Shelby Isom, and Matthew Cruz while affiliated with Portland State University,
Portland, OR, as well as new outcrops found by Streck. Proposed source for the RST is
from Streck and Grunder (1995). Highways 20 and 395 are labeled.
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Figure 3.2 Previous Rattlesnake Tuff data from Streck and Grunder (1997; 1999).
Data includes high-silica rhyolite (HSR), dacite pumices (that are variably banded), and
mafic inclusions. The RST is comprised of 99% HSR, <1% variably dacite pumices, and
<<0.1% mafic, basaltic and basaltic-andesitic inclusions found within the dacites.
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Figure 3.3 Comparing previous and new data from pumices reanalyzed in this study.
(A, B) Original XRF and INAA data from Streck and Grunder (1997) plotted with new
ICP-MS data from this study for comparison. Streck and Grunder (1997) Zr, Nb, Ce, Pb,
and Sr XRF and INAA data were recalculated based on their significant percent
difference when compared to new ICP-MS data of five select samples from Streck and
Grunder (1997) reanalyzed in this study (connected by tie lines). Error bars (2-sigma) for
the new ICP-MS data are too small to be visible beyond the data point for nearly all
analyses. (C, D) Zr and Nd examples of linear regression plots comparing old and new
data to display offset and generate a recalculation equation. Blue points use Streck and
Grunder (1997) data and new data, and grey points use recalculated Streck and Grunder
(1997) data and new data. Recalculated data are used in all analysis after this point. See
Appendix 3.A for full recalculations and plots.
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Figure 3.4 Three samples of unintentional physical mixture during sample preparation.
Samples VS20-122C (1), VS20-120A (2) and VS20-120E (3), with an analyzed separates
that turned out to be an accidental physical mixture of two high-silica rhyolite
compositions in the separation process. This was determined after preliminary
observations in the geochemical data combined with reexamination of the hand sample
photos taken prior to separation.
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Figure 3.5 Results of statistical grouping analysis of high-silica rhyolite pumices.
(Left) Results of kmeans cluster analysis of high-silica rhyolites (HSRs) using R Studio
when number of desired clusters is undefined. Analysis placed samples into eight
clusters. All samples originally labeled Group E were placed into cluster 2, Group D into
cluster 7, Group C into cluster 4, Group B into cluster 8, and Group A into cluster 2.
Analyzed bsidian fragment was categorized into cluster 2. Samples identified as outliers
or potential mixtures were excluded from kmeans cluster analysis, because they were
deemed as ‘impure’ with respect to a HSR composition. Error bars (2-sigma) are shown
for clusters that included two or more samples. (Right) Assigning each sample from this
study and Streck and Grunder (1997) into a HSR Group. Mixture separates from this
study are included. Colored squares are analyses from Streck and Grunder (1997).
Colored hollow circles highlight the reanalysis of those samples from this study. See
Appendix 3.C for R script, kmeans clustering and principal component analysis (PCA)
plots, and full kmeans clustering results. Error bars (2-sigma) are mostly too small to be
visible beyond the data points.
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Figure 3.6 Two examples of Group compositions assigned to pumice separates.
All high-silica rhyolite (HSR) banded pumices analyzed contained magmas of at least
two and up to four HSR Groups. VS20-122E was the only pumice that contained four
different HSR magmas (B, C, D, and E). VS20-122B is an example of one pumice that
contained two HSR magmas (C and D). HSR magmas contained within a single pumice
were not always consecutive (e.g., A, B, and C). See Appendix D for all pumice samples
annotated with assigned Groups.
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Figure 3.7 Calculated mixing lines between endmember high-silica rhyolite Groups.
Mixing lines calculated using average Group compositions display how intermediate
Groups are not mixtures of adjacent endmember Groups (e.g., Group B magma is not a
mixture of Group C and A magmas). Colored polygons represent extent of compositions
for each Group. The failure to produce Groups via mixing is most notable in trends
observed with FeO* vs TiO2, FeO* vs Al2O3, La vs Zr, and La vs Ba. Error bars (2sigma) are shown for each Group.
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Figure 3.8 Calculated temperatures for Rattlesnake Tuff high-silica rhyolites.
(Top) Wet liquidus temperatures at 200 MPa and 150 MPa and various water contents
were determined using Rhyolite-MELTS software (Gualda et al., 2012). (Bottom)
Crystal-liquid and zircon saturation storage temperatures were calculated using equations
from Putirka (2008). The clinopyroxene (cpx crystal only) temperatures were calculated
using a geothermometer and R script developed by Jorgenson et al. (2021). δ18O
temperatures were calculated using coefficients and equations from Chiba et al. (1989).
Group A is considered aphyric, but a plagioclase-liquid temperature was calculated using
the composition of one plagioclase grain from Streck and Grunder (1997). Calculated
zircon-saturation maximum temperatures are reported for Groups B-E because they are
known to contain zircon, and a minimum is used for Group A because presence of zircon
within Group A is not known. Alkali feldspar-liquid temperatures are used for Groups AE because Streck and Grunder (1997) reported these Groups contained Na-sanidine to
anorthoclase composition feldspars. Groups B-E contain clinopyroxene and
titanomagnetite that were analyzed for oxygen isotopes. Group E titanomagnetite
produced an anomalously high δ18O and subsequent clinopyroxene-titanomagnetite (cpxtmt) temperature of ~1300oC, so this temperature is considered erroneous and is not
included here. See Table 3 for all plotted temperatures and Table 4 for all oxygen isotope
results.
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Figure 3.9 Geobarometry calculations for Rattlesnake Tuff high-silica rhyolite Groups.
(Qtz-Ab-Or) ternary geobarometer (Holtz et al., 1992) and clinopyroxene geobarometer
(Jorgenson et al., 2021) results for Rattlesnake Tuff (RST) high-silica rhyolite (HSR)
Groups. Large colored circles in the Qtz-Ab-Or ternary results when plotting CIPW
normative compositions for each HSR Group. The obsidian sample with Group A
composition and granite sample with a composition similar to Group A are also plotted
on the Qtz-Ab-Or ternary. The low LOI (0.6%) from the XRF analysis of the obsidian
sample indicates that the nearly 1:1 Na/K ratio is representative of the true, original Na/K
ratio of Group A magma. Thus, all Na/K ratios are adjusted to 1:1 for all other Groups
and plotted on the Qtz-Ab-Or ternary. Results from the Qtz-Ab-Or geobarometer are
compared to results from the clinopyroxene geobarometer (top right) for each HSR
Group. The Qtz-Ab-Or pressures for Groups D (~500 MPa) E (~600 MPa) are excluded
from the graph, because they are considered erroneously high.
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Figure 3.10 Melt densities of average Rattlesnake Tuff Group compositions.
Densities calculated when altering pressure, temperature, and water content conditions
using the DensityX calculator by Iacovino and Till (2019). Lines connect the average
density among each Group in the given conditions to highlight the overall trend between
all Groups. Black and grey data represent Group densities calculated given the same
pressure, temperature, and water content conditions, but grey data use the originally
reported Na2O and K2O values, and black data use compositions with the restored (1:1)
Na/K ratios. Purple data represent calculated densities using all the available pressure,
temperature, and water content data, and are thus considered the most accurate densities
for all Groups.
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Figure 3.11 Wet liquidus temperatures calculated from average Group compositions.
Temperatures calculated at 200 MPa (as seen in Figure 3.8), now highlight wet liquidus
temperatures if water content decreased from 4-2 wt.% H2O from Group A to Group E
(black triangles), using the same water contents estimated when calculating melt densities
(Figure 3.10).
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Figure 3.12 Melt viscosity modeling at various temperatures and water contents.
Viscosities were calculated by viscosity calculator by Giordano et al. (2008) using Group
average storage temperatures and decreasing water content from 4-2 wt.% H2O from
Group A to Group E are interpreted as the most accurate viscosity estimates. The dashed
line represents 106 Pa s, which is the estimated limit of viscosities for large-volume, hightemperature, crystal-poor rhyolites to experience uninhibited crystal-melt segregation in
the process of fractional crystallization (Christiansen et al., 2008).

198

Figure 3.13 Schematic diagram of a single, density-stratified, magma chamber model.
This is a model similar model to the one proposed by Streck and Grunder (1995; 1997;
1999; 2008). (1) RST HSR Group E forms from partial melting of regional mafic crust.
Other HSR Group magmas develop through episodes of crystal fractionation, where one
more evolved rhyolite develops from the fractionated product of the less evolved rhyolite
before it. (2) HSR magma layers convect within layers but remain unmixed between
compositional layers due to sufficient density differences. (3) These density boundaries
are disturbed during eruption, where all HSR Groups erupt together, and dacite magmas
are likely generated from mixing of Group E and underplated enriched basaltic andesite.
Labeled densities are those calculated using average storage temperatures (Figure 8),
decreasing storage pressure 210–150 MPa from Group E to Group A, and increasing
water content 2–4 wt.% from Group E to Group A.
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Figure 3.14 Batch melting modeling of various crustal rocks to produce Group magmas.
Batch melt modeling was used to determine whether individual high-silica rhyolite
Groups can form independently from each other rather than as a liquid line. D values for
each element were manipulated until a composition of a HSR Group was achieved. Melt
fraction (F) for each model ranges from 0.85 to 0.05 in increments of 0.05. (Left) Batch
melting of regional Oligocene dacites (Shelby Isom and Matthew Cruz EdMap projects;
Streck, unpub. data), Hunter Creek Basalt (Webb et al., 2018), and Upper Steens Basalt
(Moore et al., 2018). (Right) Batch melting of various regional crustal and terrane rocks,
divided by felsic, intermediate, and mafic (Streck, unpub. data).
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Figure 3.15 Schematic model of magma petrogenesis by batch melting of regional crust.
A magma configuration model to generate the Rattlesnake Tuff (RST) high-silica rhyolite
(HSR) Groups where each HSR magma is generated independently from one another,
based on potential batch melting or crystal fractionation sources. In this scenario, Group
E and D magmas come from batch melting of Upper Steens Basalts, Group C and B
magmas come from batch melting of Oligocene dacites, and Group A magma comes
from batch melting of felsic regional crust. Density differences would be great enough to
allow one more evolved, higher-silica magma to buoyantly ascend through a less
evolved, lower-silica magma. Density differences allow these HSR magmas to reside
juxtaposed to one another in the crust and continue to fractionate without mixing between
layers, and compositional boundaries are disturbed during eruption.
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CONCLUSIONS
RESEARCH SUMMARY
Understanding rhyolite petrogenesis in bimodal volcanic provinces requires a
comprehensive investigation into the timing and composition of all regional rhyolites, as
well as their relationship to coeval mafic to intermediate volcanism. Developing an
accurate model for rhyolite volcanism of the Columbia River Basalt Group (CRBG) and
High Lava Plains (HLP) provinces necessitates a detailed geochronological, geochemical,
and petrographic analysis of all regional rhyolites that had yet to be studied. Combining
these data with relevant regional tectonic regimes and localized petrogenetic processes
provides critical data that can refine models for co-CRBG and HLP rhyolite volcanism,
which can also be applied to other bimodal volcanic systems globally.
This dissertation presents new data that allow for development of a refined model
of co-CRBG and HLP volcanism. I use a multifaceted approach including fieldwork,
geochronology, petrographic analysis, and detailed geochemical analysis to assess
rhyolite volcanism from a broad to a focused perspective. Filling critical gaps in the
geochronological and geochemical dataset, data presented in this study completes the
regional space-time distribution of post-18 Ma rhyolites. Broader significance of this
work lies in providing insight into the complexities of bimodal volcanism that is
influenced by voluminous flood basalt magmatism, a proximal subduction zone, and
multiple significant tectonic regimes.
Major findings from this dissertation include:
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•

Regional post-18 Ma rhyolite volcanism occurred in three eruptive
episodes rather than the two that were previously postulated: 17.5–14.4
Ma, 12.1–9.6 Ma, and 7.7–5.1 Ma.

•

The hiatus between the first and second rhyolite eruptive episodes is
confirmed and is refined to 14.4–12.1 Ma, a period of 2.3 m.y.

•

Compositional heterogeneity among co-CRBG and HLP rhyolites is most
notable in rhyolite chemical affinities (A-type, Borderline-type, and Itype; Whalen et al., 1987), which are most strongly distinguished by mafic
mineral assemblages.

•

Episode 1 (17.5–14.4 Ma) begins and ends with I-type rhyolite volcanism,
but peak eruptive activity is solely A-type rhyolite eruptions. Episode 2
(12.1–9.6 Ma) is a mix of A-, Borderline-, and I-type rhyolites.

•

There is an abundance of A-type rhyolites east of 118 °W, the area most
affected by CRBG flood basalt volcanism.

•

A-type rhyolites appear to occur with voluminous mafic to intermediate
eruptions associated with a massive mantle upwelling, and I-type rhyolites
appear to be associated with either the onset and waning of eruptive
activity, with increased crustal assimilation, and/or with upper mantle and
tectonic processes.

•

Ages, geochemical affinities, and correlation to coeval mafic to
intermediate magmatism affirm that co-CRBG rhyolite volcanism is
associated with a massive mantle upwelling, and later episodes of HLP
rhyolite volcanism are associated with decreased influence of the CRBG
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mantle plume and increased influence of upper mantle and tectonic
processes.
•

Statistical analysis confirms that the high-silica rhyolites (HSRs) of the 7.1
Ma Rattlesnake Tuff (RST; Streck and Grunder, 1995) are comprised of
five compositional groups with gaps between them.

•

HSRs of the RST likely represent a liquid line. If not a liquid line, each
HSR could come from batch melting of various regional crustal rocks.
However, in either case, HSR magmas must reside in a single storage zone
prior to eruption.

•

Water content and density variations are among the chief parameters that
allow HSR magmas of the RST to reside in a single magma storage zone,
mingling but not mixing prior to eruption.

These findings refine our understanding of co-CRBG and HLP volcanism. Co-CRBG and
HLP rhyolite provinces represent a significant transition in the primary magmatic and
tectonic phenomena influencing the region through time. Regional coeval maficintermediate magmas and localized petrogenetic processes are primarily responsible for
astounding compositional variations in both provinces. The Rattlesnake Tuff is an
excellent example of how complex magma configurations and subtle compositional
variations can generate voluminous, heterogeneous, high-silica rhyolites of bimodal
provinces.
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FUTURE WORK
Through geochemically analyzing all regional rhyolite eruptive centers, this study
identified several rhyolites with internal compositional heterogeneity, such as Star
Mountain with an apparent compositional gradient and Black Butte with compositionally
zoned feldspars. I hope to eventually perform detailed geochemical analysis on these
eruptive centers to provide further insight into the various petrogenetic processes and
magma configurations that produce these heterogeneous rhyolites.
The distribution and timing of A-type and I-type rhyolites relative to coeval and
proximal mafic and intermediate volcanism is profound but still not entirely understood.
The generation of calc-alkaline intermediate magmas can be a result of multiple complex
processes, so understanding how these magmas correlate to the production of I-type
rhyolites requires further investigation. I hope to incorporate geochemical data from
rhyolites of this study with the work of previous researchers to understand the genesis of
I-type and A-type rhyolites, how types can transition through time, and how this
transition is influenced by the composition of coeval mafic to intermediate magmatism
whether from fractional crystallization or partial melting of regional crust.
Great trace element compositional heterogeneity among proximal and coeval
rhyolites appears to be a result of localized petrogenetic processes. Investigating the
petrogenesis of each rhyolite eruptive center was beyond the scope of this study, but I
hope to perform additional geochemical modeling to provide insight into the petrogenesis
of the most and least evolved rhyolites. If any trends are observed, this can improve our
understanding of rhyolite petrogenesis throughout the co-CRBG and HLP provinces.
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APPENDIX 1.A
Referenced Ages and Sample Locations
Referenced Ages and Sample Locations; (1.A.1) Compilation of rhyolite ages from this
study and previous studies and additional age probability histograms (1.A.2) Compilation
of basalt ages from previous studies (1.A.3) Compilation map from this study with all
ages and sample locations (1.A.4) Coordinates for samples collected in this study
File name: Appendix 1.A Referenced Ages and Sample Locations
Type: Excel, .xlsx
Size: 2.8 MB
Special hardware: none

218

APPENDIX 1.B
Sources of Pre-existing Geochemical Data
Sources of Pre-existing Geochemical Data; Data referenced in this study, shown in
Figure 2
File name: Appendix 1.B Sources of Pre-existing Geochemical Data
Type: Excel, .xlsx
Size: 10 KB
Special hardware: none
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APPENDIX 1.C
40
40

Ar/39Ar Ideograms and Plateaus

Ar/39Ar Ideograms and Plateaus; All age plots for samples dated in this study

File name: Appendix 1.C 40Ar39Ar Ideograms and Plateaus
Type: Excel, .xlsx
Size: 1.9 MB
Special hardware: none
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APPENDIX 1.D
40
40

Ar/39Ar Analysis Sample Preparation Procedures

Ar/39Ar Analysis Sample Preparation Procedures; Detailed sample preparation and

analytical procedures for all samples analyzed at OSU and NMTech
File name: Appendix 1.D 40Ar39Ar Analysis Sample Preparation Procedures
Type: Word, .docx
Size: 28 KB
Special hardware: none
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APPENDIX 1.E
Full Argon Data Files for 40Ar/39Ar of Feldspar and Groundmass Conducted at Oregon
State University
Full argon data files for 40Ar/39Ar of feldspar and groundmass conducted at Oregon State
University
File name: Appendix E. Full Argon Data Files - Feldspar and groundmass analyzed at
OSU
Type: Preview, Adobe Reader, .pdf
Size: 20.4 MB
Special hardware: none
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APPENDIX 1.F
Full Argon Data Files for 40Ar/39Ar of Biotite Conducted at Oregon State University
Full argon data files for 40Ar/39Ar of biotite conducted at Oregon State University
File name: Appendix F. Full Argon Data Files - Biotite analyzed at OSU
Type: Preview, Adobe Reader, .pdf
Size: 2.8 MB
Special hardware: none

223

APPENDIX 1.G
Full Argon Data Files for 40Ar/39Ar of Feldspar Conducted at the New Mexico
Geochronology Research Laboratory
Full argon data files for 40Ar/39Ar of feldspar conducted at the New Mexico
Geochronology Research Laboratory
File name: Appendix G. Full Argon Data Files - Feldspar analyzed at NMGRL
Type: Preview, Adobe Reader, .pdf
Size: 56 KB
Special hardware: none
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APPENDIX 2.A
Sample Petrographic Descriptions and Coordinates
Petrographic descriptions of all samples from this study and sampled coordinates
File name: Appendix 2.A - Sample petrographic descriptions and coordinates
Type: Excel, .xlsx
Size: 47 KB
Special hardware: none
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APPENDIX 2.B
XRF and ICP-MS data for Samples from This Study
Full XRF and ICP-MS data for all samples from this study
File name: Appendix 2.B - XRF and ICPMS data from this study
Type: Excel, .xlsx
Size: 78 KB
Special hardware: none
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APPENDIX 2.C
Sources for all Previous Data Referenced in this Chapter
Sources for geochemical data and oxygen isotope data previously acquired by other
studies and sources of ages for Owyhee Basalts, Keeney Sequence, and Time Peak
Basalt.
File name: Appendix 2.C - Sources of previous data
Type: Excel, .xlsx
Size: 12 KB
Special hardware: none
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APPENDIX 3.A
Geochemical Data Recalculations
Equations and plots used to recalculate geochemical data from Streck and Grunder (1997)
to compare to new geochemical data from reanalyzed samples
File name: Appendix 3.A – Data Recalculations
Type: Excel, .xlsx
Size: 110 KB
Special hardware: none
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APPENDIX 3.B
All XRF and ICP-MS Data
XRF and ICP-MS compositional data from this study and reanalyzed samples
(recalculated data) from Streck and Grunder (1997)
File name: Appendix 3.B – All XRF and ICPMS data
Type: Excel, .xlsx
Size: 80 KB
Special hardware: none
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APPENDIX 3.C
R Script with kcluster analysis and PCA results
R script for kmeans cluster analysis and principal component analysis (PCA), including
results for each analysis
File name: Appendix 3.C – All XRF and ICPMS data
Type: Excel, .xlsx
Size: 393 KB
Special hardware: none
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APPENDIX 3.D
All Pumice Samples with Assigned Group Results
All pumice samples analyzed in this study and assigned Group results
File name: Appendix 3.D - All pumice samples with assigned Group results
Type: Excel, .xlsx
Size: 26.8 MB
Special hardware: none
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